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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 II

This second volume of a Research Topic devoted to the investigation of the control of

urinary bladder in physiological and pathological conditions reiterates its relevance. As a

subject with several “facets” (Sato et al., 2020), not surprisingly, it brings new

contributions of several researchers, thereby advancing further our knowledge about

such control. The attentive reader will also see that the many facets continue to embrace a

complete range of questions ranging from local organ mechanisms to those dependent on

high brain functions. We are glad that both volumes, in addition to complete each other,

also match in this respect.

The urine storage and voiding from the bladder are mediated by both central and

peripheral mechanisms, nevertheless they still remain to be fully elucidated. Interestingly,

Lamy et al. have shown that Angiotensin-(1–7) administrated intravenously or topically

(in situ) onto the urinary bladder (UB) elicits an increase in the intravesical pressure. The

authors also demonstrated that Mas receptors for Angiotensin-(1–7) and ACE-2, an

enzyme required for Angiotensin-(1–7) synthesis, are expressed in the bladder. Therefore,
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they suggested that this peptide acts in the UB to increase the IP

and can be also locally synthesized in the UB.

The review of Pang et al. presented in this topic shows

previous functional imaging studies and combines them with

brain regions involved in bladder control, demonstrating

interactions between these regions, and brain networks, as

well as changes in brain function in diseases affecting the

urinary bladder. Pang et al. extend the working model

proposed by Griffiths et al. (2015) about the brain network,

and provide insights for current and future bladder-control

research.

Several bladder diseases arise due to abnormal contractions

(Chapple et al., 2018), and Phelps et al. aimed to identify the

possible similarities in extracellular Ca2+ requirements between

muscarinic, histamine, 5-hydroxytryptamine (5-HT),

neurokinin-A (NKA), prostaglandin E2 (PGE2), and

angiotensin II (ATII) receptors for mediating contractile

activity of the urinary bladder (urothelium and lamina

propria). Despite the finding that the specific requirement of

Ca2+ on contractile responses varies depending on the receptor,

Phelps et al. suggested that extracellular Ca2+ has a key role in

mediating G protein-coupled receptor contractions of the

urothelium and lamina propria.

Two of the studies examined purinergic mechanisms that

operate within the bladder. The first investigated the role of

purine metabolism in purinergic mechanisms. Earlier studies

have shown that adenosine 5′-triphosphate (ATP) released from

the urothelium has a prominent role in bladder

mechanotransduction (Birder and Andersson, 2013; Takezawa

et al., 2016). Urothelial ATP regulates the micturition cycle by

activation of purinergic receptors, which are expressed in many

cell types in the lamina propria (LP), including afferent neurons,

and have been implicated in the direct mechanosensitive

signaling between urothelium and detrusor (Cockayne et al.,

2000; Vlaskovska et al., 2001; Burnstock, 2014). Aresta Branco

et al. investigated possible mechanosensitive mechanisms of ATP

hydrolysis in the LP at the anti-luminal side of nondistended

(empty) or distended (full) murine (C57BL/6J) detrusor-free

bladder model. The authors demonstrated that

mechanosensitive degradation of ATP and ADP by

membrane-bound and soluble nucleotidases in the LP reduces

the availability of excitatory purines in the LP at the end of

bladder filling. Hence, they suggested a possible safeguard

mechanism to prevent overexcitability of the bladder, in

which adequate proportions of excitatory and inhibitory

purines in the bladder wall are determined by distention-

associated purine release and purine metabolism.

The second purinergic study examined the role of

P2X7 receptors in the bladder. The purinergic P2X7 receptor

(P2X7R) is expressed abundantly on the bladder urothelium and

its role in inflammation and cell death has been increasingly

recognized (Vial and Evans, 2000; Menzies et al., 2003;

Svennersten et al., 2015). It is well known that chemotherapy

with cyclophosphamide can induce cystitis in the patients due to

excretion of a toxic metabolite called acrolein. Cystitis is an

inflammation of the bladder that is associated with damage to the

integrity of the urothelial barrier. Taidi et al. investigated the role

of P2X7R in acrolein-induced inflammatory damage in primary

cultured porcine bladder urothelial cells. The authors

demonstrated that acrolein induced a significant reduction in

urothelial cell viability and barrier function, which was protected

by the presence of P2X7R antagonist. Thereby, Taidi et al.

suggested that P2X7R blockade may be a possible therapy in

patients with bladder cystitis evoked by cyclophosphamide

treatment.

The dysregulation in neurotransmission has been implicated

in several lower urinary bladder conditions, however the

mechanisms underlying the neurotransmitter release in the

bladder still require elucidation. Carew et al. investigated the

expression of myosin 5a (Myo5a), which is a motor protein that

facilitates the directed motion of synaptic vesicles along actin

fibers, in the regulation of excitatory neurotransmission in the

bladder. The authors demonstrated that Myo5a is localized in

cholinergic nerve fibers in the bladder and identified several

Myo5a splice variants in the detrusor and suggested that the

abundance of each is likely critical for efficient synaptic vesicle

transport and neurotransmission in the bladder.

High glucose levels can induce changes in the urinary

bladder. Oliveira et al. has shown that the treatment of mice

with methylglyoxal (MGO), which is a compound generated

during glycolysis and present in high levels in the plasma of

patients with diabetes mellitus (Kilhovd et al., 2003; Han et al.,

2009), induces detrusor overactivity through the formation of

advanced glycation end products (AGE) that bind to RAGE

receptors. These receptors are members of the

immunoglobulin superfamily of cell surface receptors,

responsible for recognizing endogenous ligands (Kim et al.,

2021). Oliveira et al. also demonstrated that MGO treatment

increased reactive oxygen species (ROS) production, which

was markedly higher in the detrusor muscle than in the

urothelium. They suggested that MGO accumulation

increases AGE formation, which activates the RAGE-ROS

signaling and consequent Rho kinase-induced muscle

sensitization, which leads to detrusor overactivity.

Despite the urinary bladder is markedly enlarged in the

streptozotocin-induced type 1 diabetes mellitus in rats, which

may contribute to the frequent diabetic uropathy, very little is

known about the bladder changes in type 2 diabetes models.

Diabetic polyuria has been proposed as the pathophysiological

mechanism behind bladder enlargement. In the review of

Yesilyurt et al., bladder weight and blood glucose from

16 studies were evaluated and concluded that the presence

and extent of bladder enlargement varied markedly depending

on the diabetes models. The authors also suggest that particularly

in type 2 diabetes models, the bladder enlargement is primarily

driven by glucose levels/glucosuria.
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Overactive bladder (OAB) has been accepted as an idiopathic

disorder defined by urinary urgency, increased daytime urinary

frequency and/or nocturia, with or without urinary incontinence.

This clinical syndrome is characterized clinically by an absence of

other organic diseases, including urinary tract infection.

However, a growing body of evidence has shown that a

significant proportion of OAB patients have active bladder

infection. The review of Mansfield et al. discusses the findings

of recent laboratory and clinical studies, providing the

relationship between urinary tract infection, bladder

inflammation, and the pathophysiology of OAB. The authors

suggest that urinary tract infection may be an underappreciated

contributor to the pathophysiology of some OAB patients who

are resistant to standard treatments.

Urinary bladder function can also be affected by chronic

psychological stress leading to an exacerbated lower urinary tract

dysfunction as in OAB or interstitial cystitis-bladder pain

syndrome (Macaulay et al., 1987; Lutgendorf et al., 2001;

Rothrock et al., 2001; McVary et al., 2005; Fan et al., 2008;

Zhang et al., 2013; Bradley et al., 2014; Lai et al., 2015a, 2015b).

The review of Gao and Rodriguez highlights recent findings

about stress-related animal models as water avoidance stress,

social stress, early life stress, repeated variable stress, chronic

variable stress, intermittent restraint stress and others,

demonstrating that different types of chronic stress induce

relatively distinguished changes at multiple levels of the

micturition pathway.

This topic also brings a novelty showed by Beaman et al.

about a rare disease called urofacial syndrome (UFS), which is an

autosomal recessive congenital disorder of the urinary bladder

characterized by voiding dysfunction and a grimace upon smiling

(Elejalde, 1979; Ochoa 2004; Newman and Woolf, 2018; Osorio

et al., 2021). Biallelic variants of the HPSE2 gene that encodes the

secreted protein heparanase-2 have been described in about half

of the families studied with UFS (McKenzie et al., 2000; Newman

and Woolf, 2018; McKenzie 2020). Bladder autonomic neurons

emerge from pelvic ganglia, in which resident neural cell bodies

derive from migrating neural crest cells. Beaman et al.

demonstrated in normal embryos that heparanase-2 and

immunoglobulin like domains 2 (LRIG2) are expressed in

neural like cells with a migratory phenotype, postulated to be

pelvic ganglia precursors. Thereby, Beaman et al. suggested that

biallelic variants of LRIG2 should be also implicated in the

rare UFS.

In conclusion, this Research Topic encompasses a broad

range of studies from basic science to clinical and certainly

challenges researchers to further investigate unsolved

questions. We trust that the valuable lessons learnt about the

urinary bladder will be useful further for the development of

novel therapeutic approaches upon the growing number of

patients with bladder dysfunctions worldwide.
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Chronic psychological stress can affect urinary function and exacerbate lower urinary
tract (LUT) dysfunction (LUTD), particularly in patients with overactive bladder (OAB) or
interstitial cystitis–bladder pain syndrome (IC/BPS). An increasing amount of evidence
has highlighted the close relationship between chronic stress and LUTD, while the
exact mechanisms underlying it remain unknown. The application of stress-related
animal models has provided powerful tools to explore the effect of chronic stress on
LUT function. We systematically reviewed recent findings and identified stress-related
animal models. Among them, the most widely used was water avoidance stress (WAS),
followed by social stress, early life stress (ELS), repeated variable stress (RVS), chronic
variable stress (CVS), intermittent restraint stress (IRS), and others. Different types of
chronic stress condition the induction of relatively distinguished changes at multiple
levels of the micturition pathway. The voiding phenotypes, underlying mechanisms, and
possible treatments of stress-induced LUTD were discussed together. The advantages
and disadvantages of each stress-related animal model were also summarized to
determine the better choice. Through the present review, we hope to expand the current
knowledge of the pathophysiological basis of stress-induced LUTD and inspire robust
therapies with better outcomes.

Keywords: chronic psychological stress, lower urinary tract dysfunction, bladder, animal model, mechanism,
treatment

INTRODUCTION

Stress is an adaptive reaction of the organism in response to the effects of different external and
internal adverse events (or stressors) (Chrousos, 2009). Psychological stress in humans can be
regarded as a chain of events that disrupt homeostasis due to the direct effect of stress on the
mind (Schneiderman et al., 2005). Short-term psychological stress can act as a strong motivator

Abbreviations: COX-2, cyclooxygenase-2; CRF, corticotropin-releasing factor; CVS, chronic variable stress; ELS, early life
stress; FSS, foot shock stress; HPA, hypothalamic pituitary adrenocortical axis; NFAT, nuclear factor of activated T-cells;
NGF, nerve growth factor; PACAP, pituitary adenylate cyclase-activating polypeptide; PMC, pontine micturition center; PVN,
paraventricular nucleus; RVS, repeated variable stress; SAS, sympathetic-adrenal system; SS, social stress; TRPV1, transient
receptor potential vanilloid type 1; TRPV4, transient receptor potential vanilloid type 4; WAS, water avoidance stress.
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to perform better. However, chronic psychological stress may
lead to maladaptive adjustments in homeostasis, which includes
pathological effects on metabolism, vascular function, nerve
system, and others (Wingfield and Sapolsky, 2003). In particular,
chronic psychological stress has been perceived clinically as a
potential risk factor that affects urinary function and exacerbates
the symptoms of patients with lower urinary tract (LUT)
dysfunction (LUTD), most profoundly in overactive bladder
(OAB) and interstitial cystitis–bladder pain syndrome (IC/BPS)
(Macaulay et al., 1987; Lutgendorf et al., 2001; Rothrock et al.,
2001; McVary et al., 2005; Fan et al., 2008; Zhang et al., 2013;
Bradley et al., 2014; Lai et al., 2015a, 2016). For example, multiple
studies have found that adults with LUTDs display a positive
relation to affective disorders such as anxiety and depression
(Rothrock et al., 2001; Coyne et al., 2009). Similarly, children with
LUTDs commonly report psychological symptoms and disorders
(Oliver et al., 2013). The causative effects of psychological stress
on LUTD can be further supported by the findings from veterans,
who with psychiatric comorbidities were significantly more likely
to have a LUTD diagnosis (Klausner et al., 2009; Bradley et al.,
2014, 2017; Breyer et al., 2014). Therefore, chronic psychological
stress may play a role in both the development and exacerbation
of bladder symptoms.

Despite the findings from clinical studies, the
pathophysiological mechanisms of chronic psychological stress-
induced LUTD have still not been clearly defined. Instead of the
inherent limitations (e.g., legal, ethical, and moral limitations)
of clinical studies, the application of stress-related animal
models facilitates further exploration and acknowledgement
of the interplay of psychological stress and LUTD. These
animal models appear to share multiple key characteristics of
LUTDs such as increased voiding frequency (Smith et al., 2011),
enhanced bladder pain (Lee et al., 2015), or bladder distension
(Chang et al., 2009). Currently, a substantial number of animal
models have been developed to study stress-induced LUTD,
and the commonly used models include water avoidance stress
(WAS) (Cetinel et al., 2005; Saglam et al., 2006; Robbins et al.,
2007; Zeybek et al., 2007; Okasha and Bayomy, 2010; Smith
et al., 2011; McGonagle et al., 2012; Yamamoto et al., 2012; Bazi
et al., 2013; Lee et al., 2015; Ackerman et al., 2016; Gao et al.,
2017; Matos et al., 2017; Dias et al., 2019; Kullmann et al., 2019;
Holschneider et al., 2020a,b; Sanford et al., 2020; West et al.,
2021), social stress (Chang et al., 2009; Wood et al., 2009, 2012,
2013; Mann et al., 2015; Mingin et al., 2015; Weiss et al., 2015;
Wang et al., 2017; Butler et al., 2018; West et al., 2020; Yang et al.,
2020), early life stress (ELS) (Chaloner and Greenwood-Van
Meerveld, 2013; Mohammadi et al., 2016; Pierce et al., 2016,
2018; Fuentes et al., 2017, 2021; Fuentes and Christianson, 2018;
Ligon et al., 2018), and repeated variable stress (RVS) (Hammack
et al., 2009; Merrill et al., 2013; Merrill and Vizzard, 2014;
Hattori et al., 2019; Girard et al., 2020). As shown by the findings
from these models, chronic stress could induce functional and
histopathological changes at multiple levels of the micturition
pathway, providing insight into the underlying mechanisms and
potential treatments of LUTD.

However, different psychological stressors have their own
natures and likely stimulate separate brain regions to elicit

appropriate responses (Scharf and Schmidt, 2012). Due to this
stressor-dependent effect, stress animal models have presented
varied LUTD-related results, which in some cases are conflicting.
Additionally, a stress model frequently mimics only limited
aspects of LUTD in humans and is tailored to answer a specific
experimental theory. Moreover, each stress animal model has its
own advantages and disadvantages, which should be discussed in
detail. Therefore, the aim of our study is to provide a state-of-the-
art overview of stress-related animal models, hoping to obtain
mechanistic insights, facilitate model choices and propose novel
treatment strategies for LUTD.

METHODS

A comprehensive electronic literature search was conducted
using the PubMed database to identify publications related to
chronic psychological stress-induced LUTDs. The keywords
included the following terms: “stress,” “animal model,”
“bladder,” “lower urinary tract,” “pain,” “voiding,” “micturition,”
“micturition frequency,” “urinary frequency,” or “frequency,”
using single or combination of words. The search was restricted
to studies published between January 2000 and August 2021. Each
article’s title and abstract were reviewed for their appropriateness
and relevance to the topic. The reference lists from the articles
identified by this search strategy were also examined to find
additional sources.

BASIC ASSESSMENT METHODS FOR
CHRONIC STRESS-RELATED ANIMAL
MODELS

Lower urinary tract dysfunction, such as OAB or IC/BPS,
is commonly a symptom-based diagnosis, and symptoms are
associated with urine storage and voiding phases. The hallmark
symptoms appear to be urinary frequency and bladder-related
pain. Due to the subjective nature of symptoms, the animal
cannot communicate intent or relate their urinary symptoms to
researchers. Therefore, it is necessary to apply surrogate markers
for the symptoms of LUTD instead of intentional acts. Several
technical methods have been developed to quantify the voiding
activities and bladder nociception on the basis of feasibility and
physiological relevance (Lai et al., 2015b).

Assessment of Voiding Activities
Three common methods have been applied to assess voiding
activities, which include micturition cage, urine blotting patterns,
and cystometry. In the approach of the micturition cage, a single
animal will be placed into a micturition cage to record voiding
frequency, interval, and volume, as well as water intake in real
time (Wood et al., 2001). For the approach of urine blotting
patterns, a blotting paper is laid on the bottom of the cage
(below the mesh floor) to absorb the urine, and voiding activities
are quantified as urine spots visualized under UV lamp or by
methylene blue staining (Boudes et al., 2011). Cystometry allows
the quantification of various urodynamic parameters during
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bladder infusion, such as voiding pressure, contraction duration,
intercontraction intervals (ICIs), and non-voiding contractions.
Cystometry serves as a standardized methodology and can be
combined with visceromotor response (VMR) measurement.

Assessment of Bladder Nociception in
Animal Models
Two main methods have been developed to determine bladder
nociception in animals. VMR, a pseudo-affective reflex, is
considered to be a reliable and reproducible marker to quantify
pain sensation and study analgesic agents (Ness et al., 2001; Pierce
et al., 2016; Gao et al., 2017). It is recorded as electromyogram
responses of the abdominal external oblique musculature
to graded bladder distention in anesthetized animals. VMR
threshold pressure is defined as the bladder pressure evoking
VMR and used to assess the visceral pain sensitization. Other
indicators are also used to evaluate VMR, including amplitude,
duration, and area under the curve (AUC) (Ness and Elhefni,
2004; Gao et al., 2017). VMR could be inhibited by analgesics
or augmented by the presence of stress or inflammation
(Castroman and Ness, 2001).

Alternatively, von Frey suprapubic hyperalgesia is used to be
a surrogate metric for assessing referred bladder hyperalgesia. It
is measured by response to suprapubic mechanical stimuli with a
calibrated series of nylon Von Frey monofilaments (Rudick et al.,
2007; Lee et al., 2015).

ANIMAL MODELS OF CHRONIC
STRESS-INDUCED LOWER URINARY
TRACT DYSFUNCTION

A wide range of animal models have been developed to study
the close link between chronic psychological stress and LUTD
(Figure 1). It seems inconceivable to use a single animal model
to replicate all the facets of LUTD in humans. It is better to
carefully select certain species and stress paradigms before the
experiments. The functional and histopathological changes are
mainly decided by stressors via particular mechanisms (Table 1).

Model of Water Avoidance Stress
It is common to all investigations on this WAS model to
place a single rodent on a platform centered in the middle of
a water-filled basin. The rodent will try to avoid the adverse
stimulus (water) by staying on the platform, causing potent
psychological stress. WAS has previously been shown to be
associated with increased anxiety-like behavior in rodents and
visceral hyperalgesia in their guts (Bradesi et al., 2005). Currently,
it is also used to replicate chronic stress-induced LUTD in
rodents. The WAS model is found to present high construct and
face validity to bladder hypersensitive syndromes.

However, the choices of rodent species, gender, and stress
paradigm vary in different studies. Selecting the rodent species
apparently limits the selection of specific strains based on their
own characteristics. Wistar-Kyoto (WKY) rats are genetically
predisposed to elevated levels of anxiety (Pare, 1992), commonly

regarded as a standard model animal for testing visceral
nociception. Sprague-Dawley (SD) rats are generally considered
to be a low or moderate anxiety strain, and their use for stress
protocols seems controversial due to two different studies with
opposite results (Robbins et al., 2007; Bazi et al., 2013). Mice
are seldom used for WAS paradigms, despite a certain report of
successful application (McGonagle et al., 2012). When referring
to gender, female rodents are usually chosen on account of the
greater illness severity of female voiding disorders in women
(Stewart et al., 2003; Lifford and Curhan, 2009). A diverse
duration exists for WAS model establishment by different
research groups. Most investigators, including our group, have
subjected rodents to WAS 1 h per day for 10 consecutive days
(Robbins et al., 2007; Smith et al., 2011; Ackerman et al., 2016;
Gao et al., 2017). However, the stress paradigm could be low to
5 (Cetinel et al., 2005) or 7 (Bazi et al., 2013) days if rodents are
exposed to WAS for 2 h daily.

Functionally, WAS exposure in rats potently produces a
phenotype characterized by increased anxiety-like behaviors,
urinary frequency, and bladder hyperalgesia (Smith et al., 2011;
Bazi et al., 2013; Lee et al., 2015; Ackerman et al., 2016).
Using micturition cage analysis, we first reported that female
WKY rats with WAS exposure developed nearly double the
voiding frequency and nearly half the voiding interval as the
controls (Smith et al., 2011). These voiding alterations persisted
for approximately 1 month after WAS exposure. Similarly,
Yamamoto et al. (2012) and Bazi et al. (2013) demonstrated
increased voiding frequency and decreased ICI and volume in
WAS SD rats compared to the controls. Additionally, a lower
bladder pressure can trigger the voiding phase in WAS WKY
rats, which suggests the appearance of WAS-induced bladder
hypersensitivity (Gao et al., 2017; Wang et al., 2017). Most
importantly, exposure of WKY rats to WAS produced sensitized
and enhanced bladder nociceptive responses. They can manifest
as early appearing and vigorous VMRs to graded (Robbins
et al., 2007; Gao et al., 2017) or continuous (Lee et al., 2015;
Gao et al., 2017) bladder distension, and also significant tactile
hindpaw allodynia and suprapubic hyperalgesia to von Frey
filament testing (Lee et al., 2015). Furthermore, once established,
the increased tactile allodynia and bladder hyperalgesia could
last over 1 month without continued stress exposure, possibly
due to involvement of central augmentation and peripheral
neuroplasticity (Lee et al., 2015).

Additionally, WAS could also result in different kinds of
histopathological changes in rat bladder. Harvested bladder
tissue from stressed rats showed inflammatory conditions,
which include ulcerated areas, edema, vascular congestion,
inflammatory cell infiltration, increased angiogenesis, and an
increased number of mast cells in the mucosa (Cetinel et al., 2005;
Saglam et al., 2006; Okasha and Bayomy, 2010; Smith et al., 2011;
Bazi et al., 2013; Matos et al., 2017). Meanwhile, under electron
microscopy, vacuole formation, dilated perinuclear cisternae, and
dilatation in the intercellular spaces were also observed in the
urothelium of WAS rats (Cetinel et al., 2005; Saglam et al., 2006;
Okasha and Bayomy, 2010). Moreover, WAS exposure altered the
mitochondrial function of urothelial cells and led to secondary
impairment of urothelial function (Kullmann et al., 2019). Based
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FIGURE 1 | Schematic drawing of different animal models to study chronic psychological stress-induced bladder dysfunction. (A) A sample of WAS model. (B) A
sample of social stress model. (C) A sample of ELS model. (D) A sample of RVS model. (E) A sample of chronic variable stress model.
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TABLE 1 | Animal models of chronic psychological stress-induced bladder dysfunction.

Model References Species Sex Micturition
frequency

Bladder
hyperalgesia

Main
advantage

Best translational
research use

Water avoidance
stress

Yamamoto et al., 2012;
Bazi et al., 2013

Sprague-
Dawley

rats

Female or male ↑ - Well and easily
established,
economic,
objective,

reproducible

Studying of psychological
stress-induced voiding

dysfunctions like
interstitial cystitis or

bladder pain syndrome or
overactive bladder

phenotype

Robbins et al., 2007;
Smith et al., 2011; Lee
et al., 2015; Ackerman
et al., 2016; Gao et al.,

2017; Matos et al.,
2017; Kullmann et al.,
2019; Holschneider

et al., 2020b; Sanford
et al., 2020

Wistar-Kyoto
rats

Female ↑ ↑

Cetinel et al., 2005;
Saglam et al., 2006;
Zeybek et al., 2007;

Okasha and Bayomy,
2010

Wistar albino
rats

Female - -

Dias et al., 2019 Wistar rats Female ↑ -

McGonagle et al., 2012 Swiss-Webster
mice

Male ↓ -

West et al., 2021 C57BL/6J mice Female ↑ -

Social stress Long et al., 2014;
Weiss et al., 2015;
Butler et al., 2018

Swiss-Webster
mice

Male ↓ - Ethological
relevant,

reproducible

Studying of psychological
stress-induced voiding

dysfunctions, particularly
urinary retention

Wood et al., 2009,
2012, 2013

Sprague-
Dawley

rat

Male ↓ -

Mingin et al., 2014;
Yang et al., 2020

FVB mice Male ↑ or ↓ -

Mann et al., 2015;
Mingin et al., 2015;
West et al., 2020

C57BL/6 mice Male ↑ or ↓ -

Early life stress Pierce et al., 2016;
Fuentes et al., 2017,
2021; Pierce et al.,

2018

C57BL/6 mice Female or male ↑ ↑ Ethological
relevant

Studying of adult bladder
dysfunction after early
psychological stress

exposure

Mohammadi et al.,
2016; Ligon et al., 2018

Long-Evans
rats

Female ↑ ↑

Repeated variable
stress

Merrill et al., 2013;
Merrill and Vizzard,

2014

Wistar rats Male ↑ - Reproducible,
lack of

habituation

Studying of different daily
stress-induced voiding

dysfunctions

Hattori et al., 2019 Sprague-
Dawley

rats

Female ↑ -

Girard et al., 2020 Transgenic
mice

Female ↑ ↑

Chronic variable
stress

Yoon et al., 2010; Han
et al., 2015

Sprague-
Dawley

rats

Female ↑ - Lack of
habituation

Study of bladder
functional changes under

long-term stressful
condition

Intermittent
restraint stress

Ihara et al., 2019 C57BL/6 mice Male ↑ - Easily
established,
economic,

reproducible

Study of stress-induced
nocturia
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on the above evidence, several investigators have tried to explore
potential drugs to reverse these degenerative changes in stressed
rat bladders. Cetinel et al. (2005) first reported the protective
effect of melatonin on WAS-induced bladder degeneration in
Wistar albino rats. After melatonin treatment, the impaired
integrity of urothelial morphology and the increased number
of mast cells in the mucosa were ameliorated in WAS rats.
Saglam et al. (2006) noted that aqueous garlic extract protected
the urothelium by preserving the urothelial mucous layer and
reducing the number and degranulation of mast cells. Since then,
several other drugs have also been tested to treat WAS-induced
bladder degeneration in rats, which include taurine (Zeybek et al.,
2007), quercetin (Okasha and Bayomy, 2010), epigallocatechin
gallate (Bazi et al., 2013), cyclooxygenase-2 (COX-2) inhibitor
(Yamamoto et al., 2012), silodosin (α-1 adrenoceptor antagonist)
(Matos et al., 2017), and guanethidine (an adrenergic neuron
blocking agent) (Kullmann et al., 2019). These studies have
suggested certain possible and effective treatment options for
chronic stress-related LUTD.

Based on these functional and histological findings, plenty
of mechanisms were proposed to explain the pathophysiological
basis of WAS-induced LUTD. Yamamoto et al. speculated that
upregulated bladder COX-2 gene expression contributed to
WAS-induced voiding frequency (Yamamoto et al., 2012). Dias
et al. (2019). demonstrated significantly increased serum and
urinary levels of nerve growth factor (NGF) in stressed rats, and
blocking its high-affinity receptor tropomyosin-related kinase
subtype A (Trk A) prevented WAS-induced voiding changes.
NGF is a well-known molecule that contributes to the bladder
afferent hypersensitization and hyperexcitability (Yoshimura
et al., 2014). Specifically, the role of sensitized C-fiber afferents in
bladder hypersensitivity was demonstrated in our previous study,
in which WAS WKY rats showed a low threshold but enhanced
VMR response to bladder cold saline infusion in comparison
with the controls (Gao et al., 2017). Moreover, the exaggerated
activity of the peripheral sympathetic nervous system may also
contribute to bladder dysfunction and pain in WAS rats, possibly
suppressed by the administration of silodosin (Matos et al.,
2017) and guanethidine (Kullmann et al., 2019). Beyond these
peripheral mechanisms, WAS-induced bladder hyperalgesia was
correlated with increased spinal glutamate neurotransmission
attributable to the downregulation of glial glutamate transporter
1 (Glt-1) receptors (Ackerman et al., 2016). Exogenous Glt1
upregulation via ceftriaxone treatment attenuated hyperalgesia
and voiding dysfunction after WAS exposure (Ackerman et al.,
2016; Holschneider et al., 2020a). Our brain mapping results
showed greater activation in cerebral regions of the micturition
circuit responsive to urgency, viscerosensory perception, and
its relay to motor regions coordinating imminent bladder
contraction, in particular the pontine micturition center (PMC),
periaqueductal gray (PAG), thalamus, cingulate, and insula (Gao
et al., 2017; Wang et al., 2017). Voluntary exercise or ceftriaxone
administration could diminish bladder hypersensitivity and
attenuate brain regions related to nociceptive and micturition
circuits (Holschneider et al., 2020a,b; Sanford et al., 2020).

Of note, WAS exposure in mice results in different types
of voiding dysfunction. In West’s study, female C57BL/6 mice

were exposed to WAS for 1 h per day for 10 days, which
produces an OAB phenotype with increased voiding frequency
and enhanced bladder contractile responses (West et al., 2021).
In contrast, McGonagle et al. (2012) applied the WAS protocol
(1 h daily for 4 weeks) in male Swiss Webster mice and reported
an altered voiding phenotype with a decreased voiding frequency
and increased average voided volumes, seemingly attributable
to the alteration of the calcineurin–nuclear factor of activated
T-cells (NFAT) pathway in the bladder.

Accordingly, WAS is a less expensive but more objective
means to study underlying mechanisms of chronic stress-induced
LUTD and evaluate the impact of pharmacological agents. This
WAS-induced voiding phenotype is much close to physiological
condition without bladder irritants or directly inflicting bladder
inflammation. The technique is easily done and outcomes are
highly reproducible. One limitation of the WAS model seems to
be restricted to certain rat strains such as anxiety-prone ones.
Wistar albino rats have also been chosen in some WAS protocols,
while none of them have reported bladder hyperalgesia after WAS
exposure (Cetinel et al., 2005; Saglam et al., 2006; Zeybek et al.,
2007). Altogether, these considerations can demonstrate that
rodents—particularly the anxiety-prone ones—provide multiple
accesses to effectively mimic the key features of human LUTD.

Model of Social Stress
Social stress (or social defeat), usually mimicking bullying–
childhood violence, has been shown to induce distinct voiding
dysfunction in rodents. In the common social stress paradigm,
the subordination of one male by another larger and more
aggressive male could increase the risk of anxiety and depression
(West et al., 2020). Male mice are the most frequently employed
mice to explore this stress-related LUTD. This could be
exemplified by Chang et al.’s study, in which a single submissive
FVB mouse was repeatedly exposed (4 weeks) to an aggressive
male C57BL/6 mouse for 1 h a day followed by 23 h of
barrier separation (Chang et al., 2009). Several other investigators
conducted similar paradigms to induce social stress (Long et al.,
2014; Mingin et al., 2014, 2015; Weiss et al., 2015; Yang et al.,
2020). Alternatively, the duration of social stress in the study
Mann et al. (2015) was reduced to 2 weeks, and the direct daily
exposure of male mice to aggressive ones was reduced to 10 min.
In West’s study, pairs of male C57BL/6 mice were exposed to an
aggressor for 1 h/day for 10 days (West et al., 2020). Instead of
mice, Wood et al. (2009) exposed a male SD rat to a larger Long-
Evans resident for a 30-min session with direct or indirect contact
on 7 consecutive days.

After social stress exposure, rodents develop micturition
alterations resembling partial bladder outlet obstruction in many
ways. Chang et al. (2009). showed that socially stressed FVB mice
had a lower voiding frequency, a greater voiding volume, and
an increased threshold than matched controls, which suggests
a social stress-induced urinary retention. Long et al. similarly
determined that socially stressed C57BL/6 mice could present
a single, large void pattern (Mann et al., 2015). Apart from
mice, such social stress-related urinary LUTD was also noted in
a rat model, and only stressed rats presented numerous non-
micturition-related contractions (Wood et al., 2009). Several
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other studies also corroborated the above findings of stress-
induced urinary LUTD (Wood et al., 2013; Long et al., 2014;
Mingin et al., 2014).

Furthermore, social stress leads to hypertrophy and
remodeling of the rodent bladder (Chang et al., 2009; Wood
et al., 2009, 2012). Chang et al. (2009) demonstrated a 2-fold
increase in the bladder-to-body mass index in socially stressed
FVB mice. In this study, stressed bladders showed alterations
in myosin heavy chain isoform expression and DNA synthesis
mediating bladder wall reconstruction (Chang et al., 2009).
Mann et al. (2015) also found that social stress induced a higher
bladder-to-body mass index and thicker bladder wall. Moreover,
the occurrence of bladder inflammation was evidenced by
increased bladder NGF and histamine protein expression in
socially stressed FVB mice (Mingin et al., 2014). In contrast,
Mann et al. (2015) demonstrated an intact urothelial barrier and
normal vascularity in socially stressed C57BL/6 bladders.

These aforementioned studies shed some light on potential
mechanistic pathways linking social stress to LUTD from
peripheral involvement to central participation. One of them
involved a clear-cut change in the bladder calcineurin–NFAT
pathway, the inhibition of which by cyclosporine A resulted in
amelioration of the post-stressed abnormal voiding phenotype
(Long et al., 2014; Weiss et al., 2015). A recent study showed
that a social stress-altered voiding phenotype was associated
with desensitized bladder sensory nerves by greater urothelial
acetylcholine release and purinergic responses (West et al.,
2020). Additionally, corticotropin-releasing factor (CRF), a
stress-related neuropeptide, may be intrinsically involved in this
type of LUTD. Social stress increased the number of CRF-
immunoreactive neurons and the expression of CRF mRNA in
Barrington’s nucleus (PMC), which possibly leads to subsequent
bladder dysfunction (Wood et al., 2009). This CRF mRNA
expression in Barrington’s nucleus remained elevated after 1
month of recovery from social stress, correlated with persistent
voiding dysfunction (Butler et al., 2018). Administration of
a CRF1 antagonist or shRNA targeting CRF in Barrington’s
nucleus could improve social stress-induced retention (Wood
et al., 2013). Another elevated neuropeptide brain-derived
neurotrophic factor was also noted in rodent serum after social
stress exposure, and a short-term subanesthetic dose of ketamine
reduced its expression and reverse the trend of stress-related
infrequent voiding (Yang et al., 2020).

In addition, the effect of social stress on the bladder seems
context- and duration-dependent. After social stress, increased
voiding frequency can occur first (Mingin et al., 2014, 2015) but
voiding frequency decreases later with enhanced stress intensity
(Mingin et al., 2014). Mingin et al. (2015) observed decreased ICI,
voided volume, bladder capacity, and elevated transient receptor
potential vanilloid 1 (TRPV1) expression in socially stressed
C57BL/6 mice. Inhibiting TRPV1 was able to significantly restore
bladder overactivity and reduce afferent bladder nerve activity in
stressed mice (Mingin et al., 2015). Moreover, TRPV1 knockout
mice also showed no social stress-induced bladder dysfunction
(Tykocki et al., 2018). TRPV1 has emerged as a key regulator of
bladder sensory processes and as a potential therapeutic target for
LUTD (Vanneste et al., 2021).

In contrast to other stressors, social stress is ethologically
relevant and suitable to create more innovative and effective
management for children presenting voiding dysfunction with
bullying or childhood violence history. Context- and duration-
dependent effects are typical features of the social stress
paradigm. However, an apparent limitation comes from its
uneconomic process, such as essential single cage housing to
avoid developing social rank hierarchies even among sibling
littermates. In addition, another compelling issue is whether
social stress can exert an effect on female rodents because current
reports are all focused on males.

Model of Early Life Stress
Early life stress, or early adverse events, has been shown to
serve as a strong predictor of a painful voiding phenotype later
in life. Several translational studies have tried to examine the
impact of ELS on the bladder using two main types of animal
models, namely neonatal maternal separation (NMS) (Pierce
et al., 2016, 2018; Fuentes et al., 2017) and neonatal odor-shock
conditioning (NOSC) (Mohammadi et al., 2016; Ligon et al.,
2018). To produce NMS, mouse pups are removed from their
dam for 3 h/day from postnatal days 1 to 21 (Pierce et al., 2016,
2018; Fuentes et al., 2017). NMS could also be combined with
acute WAS as adults to imitate ELS with later adult trauma
(Pierce et al., 2016; Fuentes et al., 2017). Pierce et al. (2016)
provided evidence that NMS in female C57BL/6 mice was capable
of inducing bladder hypersensitivity, manifested as a significantly
increased VMR to bladder distension. Exposure to adult WAS
further increased bladder sensitivity and micturition rate in these
NMS mice, strongly suggestive of the necessity of additional
stress for induction of painful LUTD phenotype (Pierce et al.,
2016). Further molecular evidence from this study demonstrated
neurogenic bladder inflammation and disruption of the proper
hypothalamic–pituitary–adrenal (HPA) axis function after NMS.
The HPA axis is well known to regulate stress response and affect
the perception of pain (Habib et al., 2001). Pierce’s later study
proved that voluntary exercise could attenuate NMS-induced
behavioral outcomes in female C57BL/6 mice (Pierce et al.,
2018), quite similar to the findings in WAS rats with voluntary
exercise (Holschneider et al., 2020b; Sanford et al., 2020). Beyond
female mice, male mice could also exhibit NMS-induced bladder
hypersensitivity (Fuentes et al., 2017), urologic chronic pelvic
pain, and mast cell degranulation in the bladder (Fuentes et al.,
2021), all of which could also be ameliorated by voluntary exercise
(Fuentes et al., 2021). Compared to mouse species, SD rat pups
subjected to 6 h of daily NMS presented intermittent urinary
retention with delayed withdrawal of the immature perigenital-
bladder reflex (Wu and de Groat, 2006).

The NOSC model was initially developed to mimic attachment
to an abusive caregiver. Mohammadi et al. (2016) utilized
this model to condition male and female Long-Evans pups on
postnatal days 8–12 to predictable odor-shock, unpredictable
odor-shock, or odor-only treatment. In adulthood, female rats
with unpredictable NOSC presented a significantly increased
urine voiding volume and decreased detrusor contractile
responses. Conversely, male rats showed no difference in voiding
behavior or detrusor muscle activity after stress exposure,
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indicative of a female predominance of NOSC on urinary
bladder function. Mohammadi’s recent study demonstrated that
linaclotide, a guanylate cyclase-C agonist, could significantly
reduce NOSC-induced bladder hypersensitivity (Ligon et al.,
2018). In contrast to the NMS model, bladder inflammation was
not found in this NOSC model.

The main advantage of the ELS model is to initiate adult
physiological changes by a childhood psychological intervention,
which expands our knowledge of how ELS predisposes an
individual to develop LUTD during adulthood. This model
has both face validity and construct validity, as well as
incorporation of a non-invasive induction. Given that NMS
dramatically affects the function of the HPA axis, it is important
to control environmental stimuli during both the neonatal
and adult periods.

Model of Repeated Variable Stress
To mimic the variety of life stressors experienced by humans
on a daily basis, an RVS model is established to elucidate
the connection between stress and voiding dysfunction (Merrill
et al., 2013; Merrill and Vizzard, 2014). Generally, rodents
assigned to RVS are exposed to a 7-day stress protocol with a
single stressor daily, which includes oscillation, swim, footshock,
restraint, pedestal, swim, and footshock. After RVS exposure,
both male Wistar rats (Merrill et al., 2013; Merrill and Vizzard,
2014) and female transgenic mice (Girard et al., 2020) exhibited
increased voiding frequency and somatic sensitivity similar
to IC/BPS. Elevated inflammatory markers (NGF, histamine,
myeloperoxidase, and chemokines) have been found in stressed
bladder tissue (Merrill et al., 2013; Girard et al., 2020), which
is indicative of an RVS-induced inflammatory milieu of the
bladder. Conversely, Hattori et al. (2019) examined the effect
of RVS on female SD rats and found a significantly decreased
micturition frequency and ICI in conscious and unconscious
cystometry, respectively.

Several plausible mechanisms were offered for the RVS-
induced voiding alterations. Merrill and Vizzard (2014) identified
significantly increased TRPV4 expression in the urothelium of
RVS rats and the intravesical TRPV4 antagonist HC067047
attenuated this RVS-induced bladder dysfunction. Notably, a
more recent study by this research group reported a change
in pituitary adenylate cyclase-activating polypeptide (PACAP)
receptor signaling in lumbosacral dorsal root ganglions and
spinal cord but not in the urinary bladder (Girard et al.,
2020). PACAP, a type of neuropeptide, is expressed in neural
and non-neural components of LUT and exhibits neuroplastic
changes under pathological conditions that include psychological
stress, inflammation, and neuron injury (Girard et al., 2017).
Intravesical administration of a PACAP receptor antagonist could
contribute to decreased voiding frequency and pelvic sensitivity
following RVS exposure (Girard et al., 2020). Moreover,
administration of the α1-adrenoceptor antagonist naftopidil
orally could partly prolong ICI in female SD rats subjected to RVS
(Hattori et al., 2019).

The main advantage of the RVS protocol is that it is well-
established, reproducible, and more relevant to human daily life

stressors. Also, novel stressor exposure on a daily basis could lead
to a lack of habituation.

Model of Chronic Variable Stress
Chronic variable stress (CVS), or the chronic mild stress model,
was initially utilized in the psychological research field for
studies on depression. Similar to RVS, CVS included a series
of stressors. In Yoon’s protocol, female SD rats were exposed
to scheduled stress environments that include starvation, low
temperatures (4◦C), immobilization, and changes in the diurnal
rhythm for 7, 14, and 28 days (Yoon et al., 2010). In this study,
voiding frequency in stressed rats significantly increased with
the prolonged duration of stress exposure, possibly related to
higher bladder contractility caused by higher expression of Rho-
kinase (one of the major mediators for muscle contraction and
relaxation responses) in the bladder tissue. CVS also induced
increased expression of types I and III collagen in bladder
tissue, which suggests bladder fibrosis for bladder stability–
overactivity (Yoon et al., 2010). Additionally, Han et al. (2015)
applied a modified CVS protocol with a series of stressors
for 6 weeks, such as confinement in a small cage, white
noise during the dark phase, stroboscope, light on at night,
intruder sound, and food and water deprivation. In Han’s study,
stressed female SD rats also showed bladder hypersensitivity
in cystometry such as increased micturition frequency and
decreased micturition volume and ICI. Consistent with Yoon’s
study above, Han’s further evaluation demonstrated increased
RhoA/Rho-kinase expression and decreased neuronal nitric
oxide synthase expression in the stressed bladder wall, which
indicates a hyperactive bladder with a lower relaxation capacity
(Han et al., 2015).

The pivotal feature of the CVS model is to utilize various
unpredictable stressors to investigate the micturition pattern
alterations reflecting long-term stressful human life events.
Different stressors may contribute to the absence of adaptation.
While obviously, establishing the CVS model needs much more
time and total experimental cost.

Intermittent Restraint Stress
Intermittent restraint stress (IRS), a notable psychological
stressor to rodents, is also applied to study stress-induced LUTD.
In Ihara’s study, male C57BL/6 mice were subjected to IRS during
zeitgeber times 4–6 for 2 h/day for 5 consecutive days and
exhibited higher voiding frequency and smaller urine volume
or voiding in the light (sleep) phase (Ihara et al., 2019). This
voiding phenotype such as nocturia may be pertinent to changes
in circadian bladder function due to the dysregulation of clock
genes such as Per2. Amending the circadian rhythm by Per2
inhibition could reduce voiding frequency and increase bladder
capacity during the light phase in IRS mice. Mann’s reports,
however, demonstrated that water-restraint stress (9 a.m. to 1
p.m., 4 h/day for 21 days), another type of restraint stress,
could not produce functional or histopathological changes in the
bladder of the male C57BL/6 mice (Mann et al., 2015). These
differences between the findings of Ihara and Mann were possibly
related to the differences in restraint stress type, stress duration,
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and daily stress schedule. The IRS model seems relatively cost-
effective and straightforward to implement, but it carries some
caveats including stress habituation or a lack of ecological
relevance (Koolhaas et al., 2006). The voiding phenotypes may
be influenced by different IRS protocols.

Others
Other stressors such as intraspecies emotional communication
(IEC) and foot shock stress (FSS) are also applied to explore the
mechanisms underlying stress-induced LUTDs. IEC produced
purely psychological stress without physical stress intervention
(Gomita et al., 1989). Male WKY rats with IEC 2 h/day for 7 days
developed greater micturition frequency and voided volume per
day, which probably results from IEC reinforced muscarinic
receptor 3-mediated contractions via CRF1 pathway (Seki et al.,
2019). FSS was a readily controlled physical stressor to produce
behavioral and neurochemical changes (Kant et al., 1983; Rivier
and Vale, 1987; Henry et al., 2006). FSS-stressed female SD rats
displayed bladder hypersensitivity, which could be significantly
alleviated by blocking spinal CRF2 (Robbins and Ness, 2008) or
oxytocin systematic treatment (Black et al., 2009). Acute stressors
such as acute immobilization (Boucher et al., 2002, 2010) and
acute FSS (Robbins et al., 2011; DeBerry et al., 2015; Ness
et al., 2018) can also induce LUTDs, which are not discussed
detailly in this study.

SEX- AND STRAIN-SPECIFIC
DIFFERENCES IN ANIMAL MODELS

Various epidemiological studies have demonstrated that gender
bias in human LUTD is apparent and that women are more
vulnerable to the development of LUTD (Stewart et al., 2003;
Lifford and Curhan, 2009). Therefore, as described above, female
rodents are usually employed to study stress-related LUTDs.
However, one important point should be taken into account:
the animal’s sex and hormones may contribute to the alterations
in micturition following chronic stress exposure. For instance,
male or female mice with WAS exposure showed significant
differences in voiding frequency (McGonagle et al., 2012; West
et al., 2021). Similar results can be found in the male or female
rats in response to NOSC exposure (Mohammadi et al., 2016).
Several hypotheses attempt to explain the sexually dimorphic
effects of chronic stress on micturition. One hypothesis is the
involvement of estrous influences. Estrogen is well known to
be effective on female bladder contractility and stability in both
humans and animals (see review Hanna-Mitchell et al., 2016).
Moreover, estrogen could also be affected by chronic stress. For
example, female SD rats with CVS exposure presented significant
increases in voiding frequency and bladder contraction, together
with a significant decrease in estrogen. Another hypothesis is the
sex-specific effects of stress exposure on the HPA axis. As shown
by Sterrenburg’s study, CVS could induce sex-specific differences
in methylation and expression of the CRF gene in animal brains
(Sterrenburg et al., 2011).

Another point that should be noted is that the results of lower
urinary function tests vary among strains. As mentioned above,

WKY rats are more genetically predisposed to anxiety than SD
rats. Robbins’s study reported that chronic psychological stress
(WAS) significantly enhanced bladder nociceptive responses only
in WKY rats rather than SD rats (Robbins et al., 2007). Similarly,
WAS exposure induced different voiding results obtained from
two mouse strains (C57BL/6 and Swiss Webster) (McGonagle
et al., 2012; West et al., 2021). These differences in urinary
function tests may be related to strain-specific bladder physiology
or behavioral factors. Other non-stress-related studies have been
also demonstrated the strain-specific effect on urinary function
(Yu et al., 2014; Bjorling et al., 2015).

However, more studies are necessary to determine the sex- and
strain-specific differences in stress-related LUTD models.

IMPLICATIONS FOR INTEGRATED
MECHANISMS

As mentioned above, various studies on different chronic
psychological stress models have yielded incremental pieces
of evidence for stress-induced LUTDs. However, the results
from them appeared to be disparate for a definite conclusion.
By integrating the evidence together, we could create a
reasonable picture of the pathophysiology of stress-induced
LUTDs (Figure 2). The possible mechanisms are roughly divided
into two main classes as follows.

Central Stress Mechanisms
Limbic–hypothalamic–pituitary–adrenal axis is crucial to
coordinate behavioral, physiological, and molecular responses
to chronic psychological stressors (Pacák, 2000; Ulrich-Lai
and Herman, 2009; Ullmann et al., 2020). In particular, the
paraventricular nucleus (PVN) of the hypothalamus is generally
recognized as the main center regulating responses to stress
(Pacák, 2000; Herman et al., 2008). PVN could secrete CRF,
project into different sites (hypothalamus, brainstem, etc.),
and stimulate adrenocorticotropic hormone secretion from
the pituitary (Kalantaridou et al., 2010). CRF could mediate
general responses to stress and other responses such as visceral
hyperalgesia (Elman and Borsook, 2016; Chess-Williams et al.,
2021; Huang et al., 2021). Other stress response-relevant
brain regions include the prefrontal cortex, amygdala, and
hippocampus (Kalantaridou et al., 2010). The disruption of the
HPA axis has been reported in ELS rodents (Pierce et al., 2016).
The functional alterations in these mentioned brain regions,
together with other key areas (cingulate, insula, thalamus, etc.),
were identified in WAS rats by brain mapping analysis (Wang
et al., 2017; Holschneider et al., 2020a; Sanford et al., 2020)
and in patients with LUTD by fMRI studies (Kleinhans et al.,
2016). Additionally, aberrant expression and function of CRF
in PMC were also noted in rodents subjected to WAS or social
stress (Wood et al., 2009; Wang et al., 2017). Recently, Shimizu
et al. (2021) postulated several brain molecules related to the
stress-induced LUTDs, which include bombesin, angiotensin
II, nicotinic acetylcholine receptor, nitric oxide, and H2S.
Hence, psychological stress could significantly affect the cerebral
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FIGURE 2 | Schematic drawing of the summarization of possible mechanisms underlying the chronic psychological stress-induced LUTD. The current studies
demonstrate multiple central and peripheral alterations contributing to bladder dysfunction.

regions related to stress responses and micturition circuit, which
contributes to the development of LUTDs.

The sympathetic-adrenal system (SAS), another classic
pathway for initiation and coordination of stress responses,
appears to be involved in stress-induced LUTDs. SAS mainly
consists of central (locus coeruleus and noradrenaline system)
and peripheral (sympathetic nervous system and adrenal
medulla) elements (Nargund, 2015). Activated by CRF via
different approaches (Harris, 2015; Tache et al., 2018), SAS
participates in multiple processes including micturition,
mechanical hyperalgesia maintenance, and induction of
viscrosensory hypersensitivity (Charrua et al., 2015). Activation
of the SAS was partly proved by the results from the WAS
and RVS models. Blocking SAS by the administration silodosin

(Matos et al., 2017), guanethidine (Kullmann et al., 2019),
or naftopidil (Hattori et al., 2019) could mitigate urinary
dysfunctions after chronic stress exposure. These preclinical
results were in line with the clinical studies, which confirmed the
existence of SAS activation (Charrua et al., 2015).

Apart from these supraspinal mechanisms, spinal ones may
also be engaged in stress-induced LUTDs. Chronic stress seems to
enhance spinal signaling transductions, as evidenced by increased
spinal glutamate neurotransmission (Ackerman et al., 2016;
Holschneider et al., 2020a), PACAP (Girard et al., 2020), and
CRF2 (Robbins and Ness, 2008) signaling transduction. Dorsal
root ganglions may positively participate in these enhanced
signal transductions (Girard et al., 2020). Spinal sensitization
has been identified in other non-stressed animal models
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(Zvarova and Vizzard, 2006; Arms et al., 2013; Chen et al., 2016;
Girard et al., 2016; Ozaki et al., 2018).

Local Bladder Stress Mechanism
One theory for stress-induced LUTDs is the occurrence of
bladder afferent hyperexcitability after chronic stress exposure.
As mentioned above, stressed rodents commonly exhibited
greater voiding frequency but lower pressure threshold and
VMR threshold, which suggests bladder hypersensitivity and
hyperalgesia. The activation of bladder C-fiber afferents (Gao
et al., 2017) or TRPV1-sensitive bladder afferents (Mingin
et al., 2015) may be involved in the stress-induced afferent
hyperexcitability. Other candidates, such as TRPV4 pathway
(Merrill and Vizzard, 2014), guanylate cyclase-C pathway (Ligon
et al., 2018), and various inflammatory pathways (COX-2,NGF,
histamine, myeloperoxidase, chemokines, etc.) (Yamamoto et al.,
2012; Merrill et al., 2013; Mingin et al., 2014; Dias et al., 2019;
Girard et al., 2020), may also be responsible for bladder afferent
hyperexcitability.

In addition, chronic stress caused other functional and
structural changes in the bladder tissues, particularly detrusor
muscle and urothelium. Both in vivo and in vitro methods
have demonstrated an enhanced detrusor contraction in stressed
rodents (Yoon et al., 2010; Seki et al., 2019; West et al., 2021),
partly related to bladder remodeling (Chang et al., 2009; Wood
et al., 2009, 2012). The alteration in the urothelium, such as
abnormal mitochondrial function, may contribute to increased
bladder signal input (Kullmann et al., 2019). Particularly, chronic
stress can bring about increased bladder inflammation that
includes edema, inflammatory cell infiltration, and angiogenesis
(Chess-Williams et al., 2021).

CONCLUSION

Chronic psychological stress can impact LUT function with
or without pathological consequences. This study provided a
comprehensive overview of stress-related animal models for the
study of LUTD and summarized the compensatory mechanisms
underlying the emergence of LUTD. Variations in stress duration,
the nature of chronic stressors, and differences in animal species,
strains, and sex may contribute to different effects on the bladder.
Based on the findings from these models, a variety of possible
mechanisms and potential treatments have been demonstrated.
Future studies should provide experimental means to improve
the scientific basis for this common clinical problem, with the
hope of ultimately expanding the therapeutic options for those
patients with functional bladder disorders.
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Enhanced RAGE Expression and
Excess Reactive-Oxygen Species
Production Mediates Rho
Kinase-Dependent Detrusor
Overactivity After Methylglyoxal
Exposure
Akila L. Oliveira1, Matheus L. Medeiros1, Mariana G. de Oliveira1, Caio Jordão Teixeira2,
Fabíola Z. Mónica1 and Edson Antunes1*

1Department of Pharmacology, University of Campinas (UNICAMP), Campinas, Brazil, 2Department of Physiology and
Biophysics, Institute of Biomedical Science, University of Sao Paulo, Sao Paulo, Brazil

Methylglyoxal (MGO) is a highly reactive dicarbonyl compound implicated in diabetes-
associated diseases. In vascular tissues, MGO induces the formation of advanced
glycation end products (AGEs) that bounds its receptor RAGE, initiating the
downstream tissue injury. Outside the cardiovascular system, MGO intake produces
mouse voiding dysfunction and bladder overactivity. We have sought that MGO-induced
bladder overactivity is due to activation of AGE-RAGE-reactive-oxygen species (ROS)
signaling cascade, leading to Rho kinase activation. Therefore, female mice received 0.5%
MGO orally for 12 weeks, after which in vitro bladder contractions were evaluated in the
presence or not of superoxide dismutase (PEG-SOD) or the Rho kinase inhibitor Y27632.
Treatment with MGO significantly elevated the serum levels of MGO and fluorescent AGEs,
as well as the RAGE immunostaining in the urothelium, detrusor, and vascular
endothelium. RAGE mRNA expression in the bladder was also higher in the MGO
group. Methylglyoxal significantly increased the ROS production in both urothelium and
detrusor smooth muscle, with the increases in detrusor markedly higher than urothelium.
The bladder activity of superoxide dismutase (SOD) was significantly reduced in the MGO
group. Gene expressions of L-type Ca2+ channels, RhoA, ROCK-1, and ROCK-2 in
bladder tissues were significantly elevated in the MGO group. Increased bladder
contractions to electrical-field stimulation, carbachol α,β-methylene ATP, and
extracellular Ca2+ were observed after MGO exposure, which was significantly reduced
by prior incubation with either PEG-SOD or Y27632. Overall, our data indicate serumMGO
accumulation elevates the AGEs levels and activates the RAGE-ROS signaling leading to
Rho kinase-induced muscle sensitization, ultimately leading to detrusor overactivity.

Keywords: advanced glycation end products, rage, urothelium, Y27632, superoxide dismutase, L-type Ca2+

channels
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INTRODUCTION

Methylglyoxal (MGO) is a highly reactive dicarbonyl compound
generated during glycolysis in the presence of high glucose levels
(Rabbani andThornalley, 2015). High levels ofMGOare found in the
plasma of patients with diabetes mellitus (Kilhovd et al., 2003; Han
et al., 2009), and this high glucose-mediated increase of MGO
production is believed to account for the cell damage in diabetes-
associated pathological conditions (Liu et al., 2012). MGO modifies
lysine, arginine, and cysteine residues in peptides or proteins to yield
irreversible advanced glycation end products (AGEs), leading to
cross-linking and denaturation of proteins (Liu et al., 2012). AGEs
bound its receptor RAGE, which is amember of the immunoglobulin
superfamily of cell surface receptors that can recognize endogenous
ligands (Kim et al., 2021). Upon activation, RAGE triggers multiple
intracellular signaling pathways, including the activation of NADPH
oxidase, producing excess reactive-oxygen species (ROS) levels
(Nowotny et al., 2015; Rabbani and Thornalley, 2015; Mey and
Haus, 2018).

RhoA/Rho-kinase activation by different GPCR agonist plays
a critical role in the regulation of actin cytoskeleton dynamics and
generation of actin-myosin contractility in vascular and non-
vascular smooth muscles (Peters et al., 2006; Shimokawa et al.,
2016). Rho kinase is a serine/threonine kinase with a molecular
weight of 160 kDa, and comprises two isoforms, ROCK1 and
ROCK2 (Nunes and Webb, 2020). The activity of RhoA is
controlled by the guanine nucleotide exchange factors (GEFs)
that catalyze the exchange of the inactive Rho-GDP for the active
Rho-GTP state, which interacts with the downstream effector
Rho kinase, ultimately leading to Ca2+ sensitization and
contraction (Nunes and Webb, 2020). The smooth muscle
contraction involves a balance between myosin light chain
kinase (MLCK) and myosin light chain phosphatase (MLCP),
where the MLC phosphorylation enhances the contractile
mechanism. MLCP enzyme consists of three subunits, namely,
the catalytic subunit PP1cδ, the regulatory subunit MYPT1, and a
20 kDa subunit. MYPT1 modulates Ca2+-dependent
phosphorylation of MLC by MLCK. Activation of Rho-kinase
regulates the phosphorylation level of MLC by directly
phosphorylating this enzyme and by inactivating MLCP
through phosphorylation of MYPT1 at Thr697 and Thr855,
thus enhancing the MLC phosphorylation (MacDonald and
Walsh, 2018). In addition, the RhoA/Rho kinase pathway is
one of the major intracellular pathways that enhance the
expressions of molecules for oxidative stress (Hobbs et al.,
2014; Strassheim et al., 2019). Previous studies showed that
reactive-oxygen species (ROS) enhances the Rho-GTPase
activity (Heo and Campbell, 2005; Aghajanian et al., 2009). In
pulmonary vascular smooth muscle under chronic hypoxia, ROS
generation was shown to mediate the Ca2+ sensitization and
vasoconstriction through upregulation of RhoA/ROCK signaling
(MacKay et al., 2017; Yan et al., 2020). The impairment of corpus
cavernosum relaxations diabetic mice were associated with
upregulation of the RhoA/Rho-kinase signaling pathway and
increased oxidative stress (Li et al., 2012; Priviero et al., 2016).
In isolated cells, Rho kinase activation also increase the ROS
production (Lu et al., 2013; Fujimoto et al., 2017; Cap et al., 2020).

Metabolic diseases are clinically characterized by elevated blood
glucose levels that are associated with complications such as kidney
and heart disease, and microvascular and macrovascular alterations.
Outside the cardiovascular system, metabolic factors play important
roles in the development of overactive bladder syndrome (OAB),
urinary incontinence, and other lower urinary tract symptoms
(LUTS) (Lai et al., 2019; Wittig et al., 2019), which may be due
to alterations at the level of the detrusor smooth muscle, urothelium
and neuronal innervation (Daneshgari et al., 2017). In animal
models of diabetes, micturition dysfunction is characterized by
increases in void number, volume, and capacity, despite
conflicting data have been obtained depending on the model
used (Gasbarro et al., 2010; Leiria et al., 2011; Leiria et al., 2012;
Wu et al., 2016; Ellenbroek et al., 2018; Yang et al., 2019; Kim et al.,
2020). More recently, we have reported a model of bladder
dysfunction induced by 4- and 12-weeks intake of MGO to
healthy male mice (de Oliveira et al., 2020; Oliveira et al., 2021),
which differs from the classical diabetic animals in that MGO is not
generated from the endogenous glucose metabolism and therefore
does not affect the glucose levels and insulin sensitivity (Medeiros
et al., 2020). Urodynamic evaluation of MGO-treated mice revealed
significant increases of micturition frequency and the number of
non-voiding contractions (NVCs), along with enhanced in vitro
bladder contractility tomuscarinic and P2X1 receptor activation.We
tested here the hypothesis that MGO-induced bladder overactivity is
a consequence of the activation of the AGE-RAGE-ROS axis,
ultimately leading to upregulation of the Rho kinase system in
detrusor smooth muscle. Therefore, in intact or mucosa-denuded
mouse bladder strips, we carried out molecular and biochemical
assays for RAGE, ROS, L-type Ca2+ channels, and Rho kinase
expressions and evaluated the in vitro contractile responses in the
presence of superoxide dismutase (SOD) and the Rho kinase
inhibitor Y27632.

MATERIALS AND METHODS

Animals and Treatment With MGO
Five-week-old female C57BL/6 mice weighing 18 ± 0.30 g at the
beginning of the study were housed in cages (three mice per cage)
made of polypropylene with dimensions 30 × 20 × 13 cm) located
in a ventilated cage shelters with a constant humidity of 55 ± 5%
and temperature of 24 ± 1°C under a 12 h light-dark cycle. The
animals were acclimated for 7 days before starting the treatments.
Animals received standard food ad libitum and filtered water.
Animal procedures and experimental protocols were approved by
Ethics Committee in Animal Use, State University of Campinas
(CEUA-UNICAMP; Protocol No. 5443-1/2019). The animals
were randomly assigned using a number randomization
calculator (available at https://www.graphpad.com). Animals
received 0.5% MGO (Sigma Aldrich, Missouri, United States)
in the drinking water for 12 weeks, whereas control mice received
tap water alone. The doses and route of administration of MGO
used were chosen according to a previous study in mice
(Medeiros et al., 2020). Body weights, water consumption, and
food consumption were assessed weekly in all groups. Animal
studies are reported in compliance with the ARRIVE guidelines.
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Measurements of Levels of MGO,
Fluorescent AGEs and Glucose
Peripheral blood (0.5 ml) was collected by the intracardiac
puncture. Blood was centrifuged at 5,000 × g for 10 min at
4°C and serum was transferred to microcentrifuge tubes. To
measure MGO levels in serum, the samples were deproteinized
using Deproteinizing Sample Preparation Kit - TCA (Abcam
ab204708) according to the manufacturer’s instructions. Serum
levels of MGO were measured using ELISA competitive kit for
OxiSelect™ Methylglyoxal (Catalog No. STA-811, Cell Biolabs,
San Diego, CA, United States). F-AGEs in serum were measured
diluting the samples 1:2 in phosphate-buffered saline (PBS, pH
7.4), and transferred to black 96-well plates, 200 µl total per well.
Fluorescence spectra were recorded in duplicate on a fluorometer
(SynergyTM H1 Hybrid Reader, Biotek, United States). The
excitation and emission wavelengths were 360 and 447 nm,
respectively, and the PBS solution was used as blank.
Individual concentrations were normalized by blank
fluorescence. The fluorescence intensity was expressed in
arbitrary units (a.u.). To assess glucose concentration, animals
fasted for 8 h, blood from the tail vein was collected and glucose
was measured using ACCUCHECK Blood Glucose (Monitoring
System®, Roche Diagnostics, Indianapolis, United States).

Measurements of Superoxide Dismutase
Activity in Bladder Tissue
For the measurement of SOD activity, bladder tissue was
homogenized following the manufacturer’s protocol, and
bladder homogenate (supernatant) was used for measurement
of enzymatic SOD assay kit (Cayman Chemical, Catalog No
706002, Ann Arbor, MI, United States).

Bladder Histology
The animals were weighed and anesthetized with isoflurane in
a concentration greater than 5% and cervical dislocation was
performed to confirm the euthanasia. The bladder was
removed and weighed wet for determination of the relative
bladder weight (bladder to body ratio). The bladder was fixed
with 10% phosphate-buffered formalin for 24 h, dehydrated in
ethanol, and embedded in paraffin. Tissues were sliced (5-μm
sections) on a microtome (Leica, Wetzlar, Germany), dewaxed
in xylene, rehydrated in gradient alcohol, and stained with
Haematoxylin & Eosin (H&E) and Masson trichrome for light
microscopy examination. Digital images were obtained with a
microscope Eclipse 80i (Nikon, Tokyo, Japan) equipped with a
digital camera (DS-U3, Nikon). The thickness of urothelium
and detrusor smooth muscle, and the collagen content were
evaluated using the Fiji version of the ImageJ Software
(Version 1.46r), according to a previous study (Oliveira
et al., 2021).

Immunohistochemistry for RAGE
Bladder immunoperoxidase reactions were processed based on
previous studies (Medeiros et al., 2021). Briefly, bladder
samples 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 Tris-EDTA buffer containing 0.05% Tween-20 (pH
9.0) for 24 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-
RAGE primary antibody (1:70; Cat. No. ab54741, Abcam,
Cambridge, United Kingdom) 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; Cat. No. EXTRA2, Sigma Aldrich, St
Louis, MO, United States) following all the manufacturer’s
instructions. For detection of the immunostained area with
RAGE, a 3.3′ diaminobenzidine solution (DAB; cat. no. D4293,
Sigma Aldrich) was employed. As a negative control, a section
was used in parallel to primary antibody omission. As a
positive control, sections of mouse lungs were used
(Medeiros et al., 2021). All slides were counterstained with
hematoxylin and mounted for observation by microscopy.
Representative images were acquired using a light
microscope Leica DM 5000B (Leica Microsystems Inc.,
Buffalo Grove, IL, United States) equipped with a digital
camera under a ×40 objective.

Measurement of ROS Levels in Bladder
Tissues
The oxidative fluorescent dye dihydroethidium (DHE) was used
to evaluate in situ ROS generation. The bladders were embedded
in a freezing medium and transverse sections (12-μm) were
obtained on a cryostat, collected in glass slides, equilibrated
for 10 min in Hank’s solution (1.6 mM CaCl2, 1.0 mM MgSO4,
145.0 mM NaCl, 5.0 KCl, 0.5 mM NaH2PO4, 10.0 mM Glucose,
10.0 HEPES, pH 7.4). Fresh Hank’s DHE solution (2 μM) was
applied to each tissue section, and the slides were incubated in a
light-protected humidified chamber at 37°C for 30 min. Images
were obtained with a microscope (Eclipse 80i, Nikon, Tokyo,
Japan) equipped for epifluorescence (excitation at 488 nm;
emission at 610 nm) and a digital camera (DS-U3, Nikon).
Fluorescence was detected with a 585 nm long-pass filter. The
number of nuclei labeled with ethidium bromide was
automatically counted in separated detrusor smooth muscle
and urothelium using ImageJ software (NIH, Maryland,
United States), and expressed as labeled nuclei per square
millimeter.

Quantitative Real-Time RT-PCR (qPCR) for
RAGE, L-type Ca2+ Channels (Cacn1), RhoA,
ROCK1 and ROCK2
Total RNA was extracted from freshly dissected bladders using
TRIzol® reagent (Invitrogen, MS, United States), according to
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the manufacturer’s protocol. Dnase treated RNA samples were
then transcribed with High-Capacity Reverse Transcription
Kit® (Applied Biosystems, CA, United States). cDNA samples
concentrations were quantified using a spectrophotometer
(Nanodrop Lite®, Thermo Scientific, Massachusetts,
United States). Synthetic oligonucleotide primers (Table 1)
were obtained from Integrated DNA Technologies (Iowa,
United States), Exxtend Oligo Solutions (Brazil) and Qiagen
Quantitec Primeras Assays (Germany). The reactions were
performed with 10 ng cDNA, 6 µl SYBR Green Master Mix®
(Life Technologies, CA, United States), and the optimal primer
concentration in a total volume of 12 µl. Real-time PCR was
performed in the equipment StepOne-Plus® Real Time PCR
System (Applied Biosystems). The reaction program was 95°C
for 10 min, followed by 40 cycles of 95°C for 15 s then 60°C for
1 min. At the end of a normal amplification, a degradation time
was added, during which the temperature increased gradually
from 60 to 95°C. Threshold cycle (Ct) was defined as the point
at which the fluorescence rises appreciably above the
background fluorescence. To determine the specificity of the
amplification, the melting curve analysis of the PCR products
was performed to ensure that only one fragment was amplified.
To determine the specificity of the amplification, the melting
curve analysis of the PCR products was performed to ensure
that only one fragment was amplified. The 2-ΔΔCt method was
utilized to analyze the results, which were expressed by the
difference between Ct values of chosen genes and the
housekeeping gene β–actin. The signal strength for β–actin
did not differ between groups (Ct: 19.06 ± 0.33 and 18.95 ±
0.24 for control and MGO respectively).

Bladder Preparation and Organ Bath Set-up
The animals were weighed and anesthetized with isoflurane in
a concentration greater than 5% and cervical dislocation was
performed to confirm the euthanasia. The bladder was
removed and weighed wet for determination of the relative
bladder weight (bladder to body ratio), after which it was
carefully divided into 2 strips. In one bladder strip, the
urothelium with the lamina propria was carefully removed
using fine-tip forceps whereas the other strip remained with
the mucosa intact. Strips were mounted in 10 ml organ baths
containing Krebs−Henseleit solution (117 mM NaCl, 4.7 mM
KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM
NaHCO3 and 11 mM Glucose, pH 7.4) continuously bubbled
with a mixture of 95% O2 and 5% CO2. Tissues were allowed to
equilibrate for 45 min under resting tension and then adjusted

for 5 mN. Changes in isometric force were recorded using a
PowerLab system (ADInstruments Inc., Sydney, AU).

Bladder Contractions Induced by
Electrical-Field Stimulation
EFS was applied to intact and mucosa-denuded bladder strips
placed between two platinum ring electrodes connected to a
stimulator (Grass Technologies, Rodhe Island, United States).
EFS was conducted at 80 V, 1 ms pulse width, and trains of
stimuli lasting 10 s at varying frequencies (1–32 Hz) with 2 min
intervals between stimulations. In a separate set of experiments of
mucosa-denuded bladders, strips were preincubated (30 min)
with either the Rho-kinase inhibitor Y27632 (1 µM) (Catalog
No Y0503, Sigma-Aldrich, United States) or superoxide
dismutase-polyethylene glycol (PEG-SOD; 87 IU/ml; Catalog
No S9549, Sigma-Aldrich, United States) prior to application
of EFS. The contractile responses were expressed as mN/mg.

Concentration-Response Curves to
Carbachol and α,β-Methylene ATP
Cumulative concentration-response curves to the muscarinic
receptor agonist carbachol (1 nM–100 μM; Sigma Aldrich,
Missouri, United States) were constructed in both intact
and mucosa-denuded preparations. In the mucosa-denuded
strips, Y27632 (1 µM) or PEG-SOD (87 IU/ml) was
preincubated (30 min) prior to construction of
concentration-response curves to carbachol. Non-linear
regression analysis to determine the potency (pEC50) of
carbachol was carried out using GraphPad Prism
(GraphPad Software, Inc., California, United States) with
the constraint that F = 0. Concentration-response data were
fitted to a log 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.

In separate bladder strips, non-cumulative curves to the P2X1
purinergic agonist α,β-methylene ATP (1, 3 and 10 μM; Sigma
Aldrich, Missouri, United States) were constructed in intact and

TABLE 1 | Primer sequences used for real-time PCR amplifications.

Gene Forward Reverse

RAGE (IDT Integrated DNA Tecnhologies) 5′-CTGAACTCACAGCCAGTGTCCC-3′ 5′-CCCTGACTCGGAGTT-3′
Cacn1 (Exxtend Oligo Solutions) 5′-ACCCTCCTCCGTCGAATTC-3′ 5′-GTGTGCCATCGCTGTTCAGA-3′
RHOA (Exxtend Oligo Solutions) 5′-CCTTCGGAATGACGAGCAC-3′ 5′-AGATGAGGCACCCAGACTTTT-3′
ROCK1 (Exxtend Oligo Solutions) 5′-ACCCACCATCTGGCTTTGTC-3′ 5′-CGGTTTATCAGGTAGCATCCC-3′
ROCK 2 (Exxtend Oligo Solutions) 5′-GATGGTTGTCATTGCCTGTGC-3′ 5′-TGCTCTTTATCTTGTTCGCTGT-3′
ACTB (Qiagen Quantitec Primers Assays) QT00095242 NM_007,393
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mucosa-denuded bladder strips using 20-min intervals between
concentrations to avoid tachyphylaxis. The contractile responses
were expressed as mN per milligram of wet tissue (mN/mg). To
verify the viability of the preparations, 80 mM KCl solution was
added to the baths at the end of equilibration time.

Pharmacological Evaluation of Bladder
Contraction to Extracellular Ca2+ Influx
Cumulative concentration-response curves to extracellular
CaCl2 (10 μM–100 mM) in intact and mucosa-denuded
bladder strips were constructed according to a previous
study (Leiria et al., 2011). Briefly, tissues were equilibrated
for 45 min in 10 mL-organ baths containing Krebs-Henseleit
solution, after which the bath solution was removed and
replaced by a Ca2+-free Krebs solution containing EGTA
(1 mM) to sequester Ca2+ ions. The preparations were
contracted with KCl (80 mM) followed by contractions
with carbachol (10 µM) to deplete intracellular Ca2+. Next,
preparations were incubated with cyclopiazonic acid (CPA;
10 µM) for 30 min to block sarcoplasmic reticulum Ca2+

stores. Concentration-responses curves to CaCl2 were then
constructed. Mucosa-denuded bladder strips were
preincubated (30 min) with either Y27632 (1 µM) or PEG-
SOD (87 IU/ml) before construction of concentration-
response curves to CaCl2.

Statistical Analysis
Data were expressed as the mean ± standard error of the mean
(SEM) of 23 mice (bladder measures) or 5 to 8 (other
parameters) per group. The GraphPad Prism Version 6
Software (GraphPad Software Inc.) was used for all

statistical analysis. Statistical difference between groups was
determined by ANOVA and Tukey’s post-test. Student’s
unpaired t-test was used when appropriate. p < 0.05 was
accepted as significant.

RESULTS

Levels of Methylglyoxal, F-AGEs and
Glucose
The serum MGO concentration after 12-weeks oral dose of 0.5%
MGO was 4.8-fold higher than control mice (p < 0.01;
Figure 1A). Serum levels of F-AGEs were also significantly
increased in MGO compared with control group (p < 0.05;
Figure 1B). The levels of fasting glucose (86.8 ± 5.43 mg/dl),
water consumption (2.45 ± 0.22 ml/day) and food intake (3.4 ±
0.11 g/day) in MGO group did not differ significantly from
control group (89.7 ± 4.63 mg/dl, 2.61 ± 0.09 ml/day, and
3.2 ± 0.11 g/day, respectively; n = 7).

Bladder Measures and Histology
The body weight did not significantly differ between control
and MGO groups (Figure 2A), but the bladder weight and
relative bladder weight were increased by about of 20% (p <
0.05) in MGO-treated mice (Figures 2B,C). Histological
analysis of bladders by hematoxylin and eosin (HE) and
Masson’s trichrome stains (Figures 2D,E) revealed that
MGO exposure caused small (despite significant at p <
0.05) increases of the thickness of both urothelium and
detrusor smooth muscle layers as well as of the collagen
content (Figures 2F–H).

FIGURE 1 | Serum levels of methylglyoxal (MGO) (A) and fluorescent advanced glycation end products (F-AGEs (B) in mice receiving or not 0.5% MGO for
12 weeks in the drinking water. Data are expressed as mean ± SEM (n = 5−7). *p < 0.05, ***p < 0.001 compared with control group (unpaired t-test).
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Enhanced RAGE Expression in Bladders by
MGO Exposure
Immunohistochemistry for RAGE was evaluated in lungs of healthy
mice (as positive control) and bladders of untreated and MGO-
exposed mice. Mouse lungs clearly immunostained for RAGE as
detected mainly in peribronchiolar and perivascular regions of the
lung (Figure 3A). In bladders of control group, RAGE
immunoreactivity was observed in urothelium only (Figure 3C)
whereas in MGO group an intense RAGE immunoreactivity was
observed in both urothelium and detrusor, as well as in the vascular
endothelium supplying the detrusor and lamina propria
(Figure 3D). Analysis of mRNA expressions of RAGE in bladder
tissues revealed a significantly higher expression in MGO in
comparison with control group (p < 0.01; Figure 3E).

Enhanced ROS Levels and Decreased SOD
Activity in Bladders by MGO Exposure
The ROS levels in both urothelium and detrusor smooth muscle
were measured using the fluorescent dye DHE in frozen bladder
sections (Figure 4A). In the control group, the basal ROS levels

were 70% higher in the urothelium than detrusor (p < 0.001).
Exposure to MGO significantly increased the ROS levels in the
urothelium and detrusor smooth muscle compared with the
control group, but the increases were higher in detrusor
(108%, p < 0.001) than urothelium 25% (p < 0.05) (Figures
4B,C). The analysis of SOD activity showed a 40% reduction in
MGO compared with control group (p < 0.01; Figure 4E).

MGO Exposure Increases mRNA
Expression of L-type Ca2+ Channels (Cacn1)
and Rho-Kinase System in Bladders
qPCR analysis of bladders revealed that MGO exposure
significantly increased the mRNA expressions of L-type Ca2+

channels, RhoA, ROCK1 and ROCK2 when compared to the
control group (p < 0.05; Figures 5A–D).

Contractile Responses of Intact and
Mucosa-Denuded Bladders
For the functional assays, the bladder mucosa was maintained intact
or mechanically removed. Figure 6A shows thatmechanical mucosa

FIGURE 2 | Bladder measures and histological evaluation of methylglyoxal (MGO)-treated mice in comparison with control animals. Panels (A−C) show body
weight, bladder weight and relative bladder weight, respectively, in control and MGO groups. Panel (D) shows a histological image of a bladder from control mice
indicating the urothelium and detrusor smooth muscle with double-black arrows indicating the limits of quantification in detrusor and brackets indicating limits of
quantification in urothelium. Panel (E) shows representative histological images of bladders of control and MGO groups using cross-section hematoxylin and eosin
(HE) and Masson’s trichrome staining. Panels (F−H) show quantifications of urothelium thickness, detrusor thickness and collagen content, respectively. Data are
expressed as mean ± SEM (n = 23 for body weights; n = 7 for urothelium thickness, detrusor thickness and collagen content). *p < 0.05 compared with control group
(unpaired t-test). D, detrusor smooth muscle; SU, suburothelium, U, urothelium; L, lumen. Black bars in panels D and E represent a scale of 50 µm (×10 objective).
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removal produced no gross damage to the detrusor layer. We then
evaluated the contractile responses to electrical-field stimulation
(EFS; 1–32 Hz), muscarinic agonist carbachol (0.001–100 μM0,
P2X receptor agonist α,β-methylene ATP (1–10 µM), and
extracellular Ca2+ (0.01–100mM) in both intact and mucosa-
denuded bladder strips from control and MGO-exposed mice.

In the control group, the mucosa removal did not significantly
affect the bladder contractile responses to EFS at any frequency.
In the MGO group, the contractile responses to EFS were greater
than the control group irrespective of whether the mucosa was
intact or removed (p < 0.05; Figure 6B).

In the control group, the mucosa removal did not significantly
affect carbachol-induced bladder contractions. Exposure to MGO
did not significantly change the carbachol-induced contractions in
mucosa-intact preparations, but it markedly increased the
contractions in mucosa-denuded tissues (p < 0.01; Figure 6C).
The potency value for carbachol was significantly reduced in
mucosa-denuded tissues (5.79 ± 0.11; p < 0.05) in comparison
with the other groups (6.16 ± 0.13, 6.12 ± 0.14 and 6.27 ± 0.15 for

control-intact, MGO-intact, and control-denuded strips,
respectively).

Exposure to MGO significantly increased the contractile
responses to α,β-methylene ATP, as observed in both intact
and mucosa-denuded bladder strips (p < 0.05; Figure 6D).

In the control group, mucosa removal significantly enhanced
the bladder contractions to extracellular Ca2+. MGO exposure
increased the CaCl2-induced contractions in the intact bladder
preparations (p < 0.05), but it did not further increase the
contractions in the mucosa-denuded preparations (Figure 6E).

Y27632 and PEG-SOD Normalizes the
Contractility of Mucosa-Denuded Bladder
Strips in MGO
The possibility that the increased bladder contractions in MGO-
exposed mice reflect enhanced ROS production and Rho kinase
activation in the detrusor smooth muscle was investigated in
mucosa-denuded preparations preincubated (30 min) with either

FIGURE 3 | RAGE Immunostaining and mRNA expression in control and MGO-treated mice. Panel (A) shows RAGE immunohistochemistry in lungs of healthy
mice (brown staining) as positive control, detailing the bronchial epithelium (BE) and blood vessels (BV). Panel (B) shows negative control (omission of antibody) in mouse
bladder, detailing the urothelium (U), suburothelium (SU), lumen (L) and detrusor smooth muscle (D). Panel (C,D) show, respectively, RAGE immunoreactivity of bladder
images of control groups MGO groups. The three sub-panels in panel (D) (MGO group) detail the immunostaining for RAGE in vessels supplying the detrusor and
urothelium, as well as in the superficial layer of urothelium and vessels in sub-urothelium. In the bladder of control mice, RAGE immunoreactivity was observed in
urothelium only, whereas in MGO group, a strong RAGE immunoreactivity was observed in urothelium, detrusor and vascular endothelium. Panel E shows RAGEmRNA
expressions in bladder tissues with data expressed asmean ± SEM of arbitrary units (a. u.; **p < 0.01 compared with control, n = 6). Black bars in panels A to D represent
scales of 200 μm (×4 objective), 100 μm (×10 objective), 50 μm (×20 objective) and 25 μm (×40 objective).
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PEG-SOD (87 IU/ml) or the Rho kinase inhibitor Y27632 (1 µM).
In the control group, at the concentrations employed, neither
SOD nor Y27632 affected the contractions induced by EFS,
carbachol, α,β-methylene ATP, and CaCl2 (Figures 7A,C,E,G).
However, in the MGO group, preincubation with SOD or Y27632
nearly prevented the bladder contractions to EFS, carbachol, and
α,β-methylene ATP (Figures 7B,D,F). In the MGO group, the
increased CaCl2-induced contraction was not affected by SOD
preincubation, but it was normalized by Y27632 (Figure 7H).

DISCUSSION

The present study demonstrates that oral intake with 0.5% MGO
for 12 weeks in female mice increases the serum levels of AGEs
and the bladder expressions of RAGE, ROS, RhoA, ROCK1,
ROCK2 and L-type Ca2+ channels. MGO treatment increased
the bladder contraction to EFS, carbachol, and α,β-methylene-
ATP, an effect prevented by prior incubation with either SOD or
Y27632. Overall, activation of AGE-RAGE-ROS signaling in
bladder tissues may be responsible for the resulting MGO-
induced detrusor overactivity.

In the present study, we administered 0.5%MGO for 12 weeks in
female mice, after which MGO and F-AGEs were measured in
serum. Similar to male mice (Oliveira et al., 2021), higher levels of
MGO and F-AGEs were found in MGO-exposed mice. No changes
in glucose levels (this study) or insulin resistance (Medeiros et al.,

2020) were observed in the MGO-treated mice, confirming that
elevated serum MGO was indeed generated by the oral intake of
MGO rather than by the endogenous glucose metabolism, as
observed in diabetes-associated diseases (Yamagishi et al., 2012).
Histological analysis of the bladders showed that MGO treatment
caused small increases (despite significant) in bladder weight,
urothelium thickness, detrusor thickness and collagen content. In
bladders of male mice receiving MGO (Oliveira et al., 2021), we
detected a similar increase of the urothelium thickness, despite no
alteration in the detrusor thickness was observed.With respect to the
collagen content, the increases in bladder of males (Oliveira et al.,
2021) were markedly higher than the females (this study). We are
uncertain about the reasons that explain the histological differences
in bladders of male and females, but that may rely on the
bioavailability of MGO and formation of AGEs, as well as on the
ability of the glyoxalase system to detoxify MGO in each mouse sex.

It is well established that accumulation of MGO causes the so-
called dicarbonyl stress, which is defined as the abnormal
accumulation of dicarbonyl reactive metabolites leading to protein
glycation and hence tissue injury (Rabbani and Thornalley, 2015).
AGEs bound its cell receptor RAGE in vascular endothelial, initiating
tissue injury that may involve increased ROS production (Delbin
et al., 2012). Cells have evolved a balanced system to neutralize the
extra ROS that consist of enzymatic antioxidants such as SOD, and
studies show that antioxidant activity of SODmay be impaired upon
ROS excess, thereby dysregulating many physiological processes (He
et al., 2017). Except of bladder cancer (Khorramdelazad et al., 2015)

FIGURE 4 | Methylglyoxal (MGO) treatment increases the reactive-oxygen species (ROS) levels in urothelium and detrusor smooth muscle and decreases SOD
activity in bladders. Panel (A) shows representative images of ROSmeasurement through dye dihydroethidium-induced fluorescence in urothelium and detrusor smooth
muscle in control and MGO groups (20×). Panels (B,C) show quantitative ROS levels in urothelium and detrusor smooth muscle, respectively. Panel (D) shows
superoxide dismutase (SOD) activity (n = 8). Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001 compared with control group. White bar in
panel A represents a scale of 100 um (×20 objective).
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and mouse cystitis (Roundy et al., 2013; Hiramoto et al., 2020), no
previous study explored the RAGE expression in bladders. Compared
to control mice, RAGE immunostaining was higher in both
urothelium and detrusor of MGO-treated mice, as well as in the
vascular endothelium supplying the detrusor and lamina propria.
Analysis of mRNA expressions of RAGE also revealed a higher
RAGE expression in bladder tissues of theMGO group. Additionally,
using the fluorescent dye DHE in frozen bladder sections, MGO
treatment significantly increased the ROS levels in both urothelium
and detrusor smooth muscle (despite higher levels were found in the
detrusor), which was accompanied by reduced SOD activity in the
bladder. Therefore, like vascular tissues, the activation of AGE-
RAGE-ROS signaling may be implicated in MGO-induced
detrusor overactivity (Figure 8).

Acetylcholine via muscarinic M3 receptors is the principal
excitatory transmitter at the parasympathetic nerve terminals in
detrusor smoothmuscle, whereas ATP, via P2X1 receptors,mediates
the atropine-resistant neurogenic bladder contractions and may be
involved in some types of bladder dysfunction (Abrams et al., 2006;
Yoshimura et al., 2008). Bladder contractions in response to EFS
reflect mainly the release of both acetylcholine and ATP (Leiria et al.,

2011). In our study, the bladder contractions induced by EFS were
significantly higher in MGO group, as observed both in intact and
mucosa-denuded preparations. The contractions induced by the full
muscarinic agonist carbachol did not differ between control and
MGO groups in intact bladders, but the mucosa removal largely
increased the contractions in MGO-treated animals. In addition, the
P2X1 agonist α,β-methylene ATP induced higher contractile
responses in bladders of MGO group, irrespective if mucosa was
removed or not. Of note, our findings that presence of mucosa
impairs the bladder contractions by carbachol activation (but not by
α,β-methylene ATP) indicates that MGO treatment also affects the
urothelium, which under muscarinic receptor activation may
releases relaxing factors that counteracts the contractions. Under
physiological conditions, the muscarinic and purinergic-mediated
bladder smooth muscle contractions depend on extracellular Ca2+

influx secondary to L-type Ca2+ channel opening (Rapp et al., 2005;
Leiria et al., 2011; Yu, 2022). Compared with control animals, in
intact bladder preparations of MGO-treated mice we found a higher
mRNA expression of L-type Ca2+ channels, and that the cumulative
addition of extracellular Ca2+ in nominally Ca2+-free solution
produced significantly higher bladder contractions. Interestingly,

FIGURE 5 |Methylglyoxal (MGO) treatment increases the mRNA expressions of L-type Ca2+ channels (A), RhoA (B), ROCK1 (C) and ROCK 2 (D) in intact bladder
tissues. Data are expressed as mean ± SEM for n = 7. *p < 0.05 compared with control group.
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when the bladder mucosa was removed, MGO failed to increase the
contractions above the control levels, suggesting that extracellular
Ca2+ entry inmucosa favors the release of relaxingmediators that act
to reduce the muscle contraction. Urothelium is reported to release
inhibitory mediators that modulate the relaxant responses of the
bladder (Sellers et al., 2018), including nitric oxide (NO), prostanoids
(Guan et al., 2017) and hydrogen peroxide (H2S; d’Emmanuele di
Villa Bianca et al., 2016), amongst others. Urothelium also expresses
β-adrenoceptors, which modulates the relaxant responses to β-
adrenoceptor agonists, possibly via the release of urothelium-
derived factors (Otsuka et al., 2008; Moro et al., 2013). In our
study, whether the increased bladder contractions by prolonged
intake of MGO is also accompanied by an impairment of
urothelium-mediated relaxant responses remain to be investigated.

The Rho kinase pathway is reported to regulate the sensitivity of
the Ca2+ dependent regulatory system (Wegener et al., 2004).
Dysregulation of the Rho kinase system has been implicated in
detrusor overactivity in animal models of acetic acid-induced
cystitis, stretch-induced bladder contractions, and chronic bladder
ischemia (Peters et al., 2006; Shimizu et al., 2013; Shiomi et al., 2013;

Wróbel and Rechberger, 2017; Akaihata et al., 2018). Moreover,
in vitro biochemical assays and in vitro studies in vascular smooth
muscle have shown an association between increased oxidative stress
and upregulation of the RhoA/Rho-kinase system (Heo and
Campbell, 2005; Aghajanian et al., 2009; Priviero et al., 2016;
MacKay et al., 2017). Accordingly, our findings show higher
mRNA expressions of L-type Ca2+ channels, RhoA, ROCK1, and
ROCK2 in the bladder tissues of the MGO group. We then
performed functional assays in mucosa-denuded bladder strips in
the absence and in the presence of either SOD or Y27632. At the
concentrations employed here, in the control group, both compounds
had no effects on EFS-, carbachol- and α,β-methylene ATP-induced
contractions. However, in MGO-treated mice, SOD or Y27632
significantly reduced the contractile responses, clearly indicating a
major role for superoxide and Rho kinase in the detrusor overactivity
(Figure 8). This is consistent with previous studies in pulmonary
vascular smooth muscle under chronic hypoxia (MacKay et al., 2017;
Yan et al., 2020) and corpus cavernosum of diabetic mice (Li et al.,
2012; Priviero et al., 2016) where ROS generation through
upregulation of RhoA/ROCK signaling mediated the pulmonary

FIGURE 6 | The effects of methylglyoxal (MGO) treatment in intact and mucosa-denuded bladder contractions. Panel (A) shows representative images of intact
bladders indicating the presence of urothelium, suburothelium and detrusor smooth muscle whereas in denuded bladder only the detrusor can be observed. Panels
(B−E) show the contractions induced by electrical-field stimulation (EFS; 1–32 Hz), carbachol (0.1–100 µM), α,β-methylene-ATP (1–10 µM) and extracellular Ca2+

(10 μM–100 mM), respectively. Data are expressed as mean ± SEM (6–10 mice per group). *p < 0.05 compared with respective control-intact groups; #p < 0.05,
##p < 0.05, ###p < 0.001 compared with respective control-denuded groups. In panel A, urothelium, suburothelium and detrusor smooth muscle are designated as U,
SU, and D, respectively. Black bars in panel A represent a scale of 200 μm (×4 objective).
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FIGURE 7 | Incubation of mucosa-denuded bladder preparations with superoxide dismutase (PEG-SOD; 87 IU/ml) or the Rho kinase inhibitor Y27632 (1 µM)
reduces the enhanced detrusor smoothmuscle contractions in mice treated withmethylglyoxal (MGO) in comparison with control mice. Panels (A,C,D and E) shows the
contractions induced by electrical-field stimulation (frequency), carbachol, α,β-methylene-ATP (1–10 µM) and extracellular Ca2+ in control mice, respectively. Panels (B,D,F and H)
shows the contractions induced by the same stimuli in MGO-treated mice. Data are expressed as mean ± SEM (n = 5-6 per group). *p < 0.05, **p < 0.01, ***p < 0.001
compared with untreated preparations. #p < 0.05 compared with MGO + SOD group.
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vasoconstriction and impaired cavernosal relaxations. However, in
isolated cells, Rho kinase inhibitors like Y27632 can also reduce the
ROS production (Lu et al., 2013; Fujimoto et al., 2017). Recently, the
ROS-mediated increases of RhoA levels in a murine macrophage cell
line were shown to amplify the superoxide production throughROCK
phosphorylation of p47phox, maintaining a positive feedback loop for
superoxide generation (Cap et al., 2020). Therefore, in our study,
additional approaches would be required to elucidate if upregulation
of Rho kinase in bladders of MGO-treated mice also amplify the ROS
production in positive feedback way. With respect to the contractile
responses induced by extracellular Ca2+ in mucosa-denuded bladder
strips ofMGOgroup, we found that SODpreincubation had no effect,
whereas Y27632 rather restored the contractions to control levels. This
finding suggests that the resulting bladder contraction due to
extracellular Ca2+ influx through L-type Ca2+ channels is not
under the influence of the upstream superoxide anion production
in detrusor, but itself can increase the sensitivity to Rho kinase.

In terms of study limitation, MGO here was administered to
healthy female mice in the drinking water at 0.5% for 12 weeks, after
which plasma and bladder were collected and used for the

biochemical, molecular, and functional assays. This model greatly
differs from the classical diabetic animal model in that MGO is not
generated from the endogenous glucose metabolism but rather
exogenously supplied to animals. Despite high serum levels of
MGO and AGEs (this study) along with reduced glyoxalase-1
expression and activity (Oliveira et al., 2021) are observed in mice
orally taking MGO, which suggest a true dicarbonyl stress (Rabbani
and Thornalley, 2015), caution should be taken when comparing our
present model with those involving endogenous generations of
dicarbonyl species.

CONCLUSION

Prolonged MGO intake in mice leads to serum accumulation of
MGO and F-AGES, which triggers the activation of RAGE-ROS
signaling in the bladder wall, leading to detrusor overactivity, which is
normalized by SOD or the Rho kinase inhibitor Y27631 (Figure 8). It
is possible that overactive bladder syndrome in diabetes-associated
diseases reflects by accumulation of MGO in circulating blood.

FIGURE 8 | Proposal of mechanisms involved in detrusor overactivity induced prolonged intake of methylglyoxal (MGO) in female mice. Methylglyoxal was given at
0.5% in the drinking water of female mice for 12 weeks (1). In urinary bladder (2), MGO generates advanced glycation end products (AGEs) that interacts with its cell
surface receptor, RAGE, in both urothelium (3) and detrusor smoothmuscle (4), leading to excess of reactive-oxygen species (ROS) generation in both layers. In detrusor
smooth muscle cells, ROS activates the Rho kinase system (5), ultimately leading to Ca2+ sensitization and detrusor overactivity (6). Alternatively, RAGE activation
may directly activate Rho kinase further elevating the ROS levels. ROS produced in urothelium (7) may also diffuse to detrusor cells amplifying the smooth muscle
contraction. Bladder incubation with superoxide dismutase (SOD) or the Rho kinase inhibitor Y27632 significantly reduce the detrusor overactivity, normalizing the
bladder activity (8). This image was produced with the assistance of Servier Medical Art (https://smart.servier.com) licensed by a Creative Commons Attribution 3.0
Unported License.
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The Dependence of Urinary Bladder
Responses on Extracellular Calcium
Varies Between Muscarinic,
Histamine, 5-HT (Serotonin),
Neurokinin, Prostaglandin, and
Angiotensin Receptor Activation
Charlotte Phelps, Russ Chess-Williams and Christian Moro*

Centre for Urology Research, Faculty of Health Sciences and Medicine, Bond University, Robina, QLD, Australia

With many common bladder diseases arising due to abnormal contractions, a greater
understanding of the receptor systems involved may aid the development of future
treatments. The aim of this study was to identify any difference in the involvement of
extracellular calcium (Ca2+) across prominent contractile-mediating receptors within cells
lining the bladder. Strips of porcine urothelium and lamina propria were isolated from the
urinary bladder dome and mounted in isolated tissue baths containing Krebs-bicarbonate
solution, perfused with carbogen gas at 37°C. Tissue contractions, as well as changes to
the frequency and amplitude of spontaneous activity were recorded after the addition of
muscarinic, histamine, 5-hydroxytryptamine, neurokinin-A, prostaglandin E2, and
angiotensin II receptor agonists in the absence and presence of 1 µM nifedipine or
nominally zero Ca2+ solution. The absence of extracellular Ca2+ influx after immersion
into nominally zero Ca2+ solution, or the addition of nifedipine, significantly inhibited the
contractile responses (p < 0.05 for all) after stimulation with carbachol (1 µM), histamine
(100 µM), 5-hydroxytryptamine (100 µM), neurokinin-A (300 nM), prostaglandin E2
(10 µM), and angiotensin II (100 nM). On average, Ca2+ influx from extracellular sources
was responsible for between 20–50% of receptor-mediated contractions. This suggests
that although the specific requirement of Ca2+ on contractile responses varies depending
on the receptor, extracellular Ca2+ plays a key role in mediating G protein-coupled receptor
contractions of the urothelium and lamina propria.

Keywords: bladder mucosa, G protein-coupled receptor (GCPR), l-type calcium channel, lamina propria,
spontaneous activity, underactive bladder, muscularis mucosae

1 INTRODUCTION

While strong and sustained bladder contractions are vital for urinary voiding, during the filling stage
abnormal and spontaneous contractions can result in bladder dysfunction. One common
presentation is underactive bladder, characterized by a slow urinary stream, hesitancy and
straining to void, with or without a feeling of incomplete bladder emptying, and sometimes with
storage symptoms (Chapple et al., 2018). Normally, voiding commences when M3 muscarinic
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receptors in the smooth muscle of the bladder wall are stimulated
by neuronally derived acetylcholine. However, recent research
has identified a number of other receptor systems on cells within
the bladder wall which may also modulate bladder contractions
(Stromberga et al., 2019; Stromberga et al., 2020b). Of particular
interest are those linked to Gq/11 proteins, with their stimulation
often resulting in strong tissue contractions. With many common
bladder diseases arising as a result of abnormal contractions, an
understanding of the potential receptor systems involved in this
response is vital for the development of new and upcoming
treatments for those affiliated with bladder dysfunctions.

A continuing interest has developed into the potential role of
histamine (Stromberga et al., 2019), prostaglandins (Stromberga
et al., 2020b), angiotensin (Lim et al., 2021), adrenergic (Moro
et al., 2013), neurokinin (Grundy et al., 2018), muscarinic (Moro
et al., 2011), and 5-hydroxytryptamine (Moro et al., 2016)
receptors in influencing contractions of the urothelium and
lamina propria (U&LP) layers. This layer has been observed to
modulate overall bladder activity through the release of chemical
mediators (Moro et al., 2011), as well as other pacemaking
functions via the presence of the muscularis mucosae in the
underlying connective tissue layer (Fry et al., 2007). The U&LP
(also referred to as the bladder mucosa) may also play a key role in
the mechanisms of action for current therapeutics (Moro et al.,
2011), such as the parasympathomimetic bethanechol, which is
one of the more commonly prescribed first-line treatments in the
pharmaceutical management of underactive bladder (Kim, 2017).
However, aside from this focus on the M3 muscarinic receptor,
there is also a growing interest in combination therapies where,
for example, administering both muscarinic agonists and alpha-
adrenoceptor antagonists concurrently demonstrated greater
success when compared to monotherapy in the management
of underactive bladder (Yamanishi et al., 2004). This potential for
alternative therapeutic options is important, as many patients
who are administered muscarinic-acting pharmaceuticals in the
management of bladder contractile disorders cease the regimen
due to adverse side effects or lower than expected treatment
outcomes (Yeowell et al., 2018). This is a growing area of research,
with more work to be done regarding the potential benefits or
harms from using parasympathomimetics in the management of
underactive bladder (Moro et al., 2021).

Although the detrusor smooth muscle layer of the bladder
has been the traditional target for research and therapeutic
development, in recent years the importance of the U&LP in
the maintenance of normal bladder function has been
highlighted. The bladder generates spontaneous
contractions, which can be altered in cases such as outlet
obstruction or nerve injury (Kushida and Fry, 2016). The role
of this spontaneous activity in the intact bladder is unclear
(Fry and McCloskey, 2019), but may be mediated by signals
originating in the U&LP, suggesting mechanisms where this
tissue might underlie bladder contractile disorders (Fry and
Vahabi, 2016). Calcium (Ca2+) and membrane potential
transients commence in the lamina propria and spread
towards the detrusor. In addition, the U&LP can release
mediators, such as acetylcholine during stretching (Moro
et al., 2011), which can induce increased spontaneous

contractions in the detrusor (Kanai, 2007). A number of
cells within the tissue may induce this spontaneous activity,
as well as generate spontaneous Ca2+ transients, such as
myofibroblasts (Sui et al., 2008), pericytes (Lee et al., 2016;
Hashitani et al., 2018), interstitial-like cells (Fry and
McCloskey, 2019) or muscularis mucosae (Heppner et al.,
2011; Kushida and Fry, 2016). These cells remain highly
sensitive to Ca2+, and there is value in identifying sources
of Ca2+ influx into the tissue from extracellular fluids. Of note,
however, is the potential for species differences in the
generation and activity of phasic contractions. For example,
the spontaneous activity of the bladder urothelium and lamina
propria in the pig appears to predominantly arise from the
muscularis mucosae, although there is evidence that this is not
the case across all species (Mitsui et al., 2020).

With stimulation of the G protein-coupled receptors (GPCRs)
resulting in contractions of the urinary bladder U&LP, identifying
any common mechanisms of action between them is important.
One primary function of the GPCRs in the urinary bladder may
be the modulation of Ca2+ channels in the cell membranes,
accommodating an influx of Ca2+ from extracellular fluids,
and mediating a variety of physiological responses, from
bladder contractions to increased pacemaker activity (Wuest
et al., 2007). This study aims to identify similarities in
extracellular Ca2+ requirements between muscarinic, histamine,
5-hydroxytryptamine (5-HT), neurokinin-A (NKA),
prostaglandin E2 (PGE2), and angiotensin II (ATII) receptors
for mediating contractile activity of the urinary bladder U&LP.

2 MATERIALS AND METHODS

2.1 Tissue Collection
Urinary bladders from Large White-Landrace-Duroc pigs
(6 months old, 80 kg live weight) were used as the tissue in
this study. All bladders were obtained from the local abattoir
after slaughter for the routine commercial provision of food
with no animals bred, harmed, culled, interfered, or interacted
with as part of this research project. As such, animal ethics
approval was not required (Business Queensland, 2015). Only
female bladders were used in this study. After collection from
the abattoir, tissues were transported in a portable cooler in
cold Krebs-Henseleit bicarbonate solution (NaCl 118.4 mM,
NaHCO3 24.9 mM, D-glucose 11.7 mM, KCl 4.6 mM, MgSO4

2.41 mM, CaCl2 1.9 mM, and KH2PO4 1.18 mM) maintained
at 4 °C to the University research facilities and used within
3 hours of the animal’s slaughter.

2.2 Tissue Preparation
A single 4 cm strip was taken longitudinally from the bladder
wall at the midpoint between the trigone and the bladder apex.
Tissue strips were continually washed with a cold Krebs-
Henseleit bicarbonate solution during the preparation and
dissection stage. The white-coloured detrusor smooth muscle
was dissected away from the pink-coloured urothelium and
lamina propria using fine scissors. Histological assessment is
known to effectively separate the two layers (Moro et al.,
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2012). After dissection and preparation, this single strip was
cut in the middle, resulting in 2 × 2 cm strips which were
mounted and suspended in 10 ml isolated tissue baths
(Labglass, Brisbane, Australia) containing warmed Krebs
solution at 37°C and perfused with carbogen gas (95%
oxygen and 5% carbon dioxide). A maximum of two 4 cm
strips were taken from each unique porcine bladder across the
experiments. Throughout this manuscript, n values quoted
are from paired tissue strips, and as such, the number of
animals (N) used can be calculated using n ÷ 2. After
mounting, tissue tension was manually adjusted to 2 g
using each transducer positioner’s fine adjustment knob.
Each bath was washed with warmed Krebs a total of three
times prior to the start of experimentation. At the conclusion
of each experiment, tissue weight was measured on a scale to
an accuracy of 0.001 g. The mean weight of porcine U&LP
tissues was 0.22 ± 0.01 g (n = 208).

2.3 Pharmaceutical Agents
Krebs-Henseleit bicarbonate solution ingredients were obtained
from Sigma-Aldrich (Missouri, U.S.). Carbamylcholine chloride
(carbachol) and histamine dihydrochloride (histamine) were
obtained from Sigma-Aldrich (Missouri, U.S.), nifedipine and
NKA were from Tocris Bioscience (Bristol, U.K.), 5-HT was from
Toronto Research Centre (Toronto, CA), and ATII and PGE2
were obtained from Cayman Chemicals (Michigan, U.S.).
Nifedipine and PGE2 were dissolved in 100% ethanol, while
all other pharmaceutical agents were soluble in distilled water.
Concentrations chosen for the agonists and antagonists were
selected based on their selectivity at each receptor and consistent
with concentrations used in previous studies. In each case, the
agonist concentration used induced a submaximal contraction
(with an aim to achieve around 80% of peak receptor-induced
contraction).

2.4 Measurements and Data Collection
In the nifedipine studies, a vehicle control of 100% ethanol
was added to control tissues or nifedipine (1 µM) was added to
the experimental tissues and left to equilibrate for 30 min.
Nifedipine was kept in darkness until the final application in
the organ bath and experiments were concluded within
30 min to ensure no adverse light impacts. In the Ca2+-free
studies, control tissues were washed with Krebs solution as
normal, whereas the experimental tissues were washed three
times with a nominally Ca2+-free Krebs solution. This also
ensured that any excess Ca2+ on the tissue, or Ca2+ leaking out
from intracellular sources, was cleared from the bath. Tissues
were then left to equilibrate for 3 min in nominally zero Ca2+

solution before agonists were added. A single dose of a select
GPCR agonist was added to both the control and experimental
tissues after equilibration. Tension, frequency, and amplitude
of spontaneous contractions were measured with an isometric
force transducer (MCT050/D, ADInstruments, Castle Hill,
Australia) and recorded on a Powerlab system using Labchart
v7 software (ADInstruments). Although a threshold was not
applied, in all cases each spontaneous contraction
exceeded 0.4 g.

2.5 Statistical Analysis
Changes in tension and amplitude were measured in grams (g),
where amplitude was measured from the lowest point of
spontaneous phasic contraction to peak. Frequency was
expressed as the number of spontaneous phasic contractions
per minute (cpm). All data was analysed using GraphPad
Prism version 9 (San Diego, CA), and results were presented
as mean ± standard error of the mean (SEM). A paired t-test was
used to analyse tissue responses before and after the addition of
agonist. A paired Student’s two-tailed t-test was used to analyse
the significance of results when comparing tissues with direct
controls, as per previous studies (Stromberga et al., 2020a). A
one-way ANOVA with Tukey post-test was also undertaken to
compare the means where more than two variables were assessed.
For all statistical analysis, p < 0.05 was considered statistically
significant.

2.6 Preliminary Results Related to the
Omission of Extracellular Ca2+
There is variation in the literature surrounding methods to
remove extracellular Ca2+ from an isolated tissue bath. Firstly,
this may involve the omission of calcium chloride (CaCl) from
Krebs-Henseleit bicarbonate solution (Poyser, 1984). Secondly,
the addition of Ca2+ chelating agents ethylenediaminetetraacetic
acid (EDTA, 1–5 mM) (Maggi et al., 1989) or
glycoletherdiaminetetraacetic acid (EGTA, 0.5 mM) solution
(Yoshimura and Yamaguchi, 1997) have been proposed.
However, EGTA may have impacts on other ions (Wheeler
and Weiss, 1979) or other mechanisms within the tissue
(Poyser, 1984), as well as potentially destabilise cell
membranes, leading to increased Ca2+ permeability (Guan
et al., 1988). To assess this feasibility of using Ca2+ chelators,
we observed that compared to the simple omission of CaCl, the
addition of 1 mM EDTA or 0.5 mM EGTA had no effect on
contractile responses to our agonists (e.g., carbachol 1 µM).
Thirdly, in some studies, the removal of Ca2+ appeared to
result in a hypovolemic solution, and in order to rectify this,
the concentration of other ions was altered. In our pilot studies,
when incorporating additional Mg2+ to substitute for omitted
Ca2+, there was no significant effect on contractions (n = 8). As
such, no additional magnesium was added to replace the
omission of the Ca2+ divalent cation. Fourthly, there is the
potential for Ca2+ to enter the Ca2+-free bath solution from
the cytoplasm, or via the activation of other cellular pumps/
exchangers. To minimise the impact of this, after mounting in the
bath, tissues were washed three times over 5 min in warmed Ca2+-
free Krebs. As a final check, before and after contractions, the
extracellular buffer was collected and checked with
spectrophotometric assessments (Pacific Laboratory Products,
Victoria, Australia), with no Ca2+ detected on this assay. This
provided confidence in a nominally zero Ca2+ solution. As there
were no observable or significant impacts to any contractions
from adjusting for the methods listed above, the decision was
made to henceforth solely remove Ca2+ from the Krebs solution
and not alter anything else, as this was the path of least
manipulation.
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3 RESULTS

3.1 Influence of GCPR Agonists in U&LP
In the absence of stimulation from any agonist, U&LP tissue
strips developed spontaneous phasic contractions at a
frequency of 3.65 ± 0.08 cpm with an amplitude of 0.73 ±
0.04 g (n = 104). When receptor agonists carbachol (1 µM),
histamine (100 µM), 5-HT (100 µM), NKA (300 nM), PGE2
(10 µM), and ATII (100 nM) were added to the tissues, U&LP
baseline tension increased significantly for all activated
receptors (p < 0.001, Table 1). In addition, the frequency
of spontaneous phasic contractions increased for carbachol
(p < 0.001), histamine (p < 0.05), 5-HT (p < 0.01), and ATII
(p < 0.05), but not NKA or PGE2. Amplitude was reduced by
all the agonists, but the changes were statistically significant
for only carbachol (p < 0.05), 5-HT (p < 0.001), and ATII
(p < 0.01).

3.2 Influence of Nifedipine on U&LP
Contractions
When nifedipine (1 µM) or vehicle control (totaling 0.035%
ethanol) were added to tissues at the start of the 30 min
equilibration period, there were no immediate changes to
baseline tension, frequency, or amplitude for any of the
agonists.

3.2.1 Effect of Nifedipine on Baseline Tensions
After activation of the muscarinic, histamine, 5-HT, NKA,
PGE2 and ATII receptors, the baseline tension of the U&LP
tissue increased, and the increases were similar for all the
agonists (Figure 1). In the presence of nifedipine (1 µM), the
contractions were inhibited as follows (paired Student’s two-
tailed t-tests): carbachol by 54% (1µM, n = 11, p < 0.01);
histamine by 45% (100µM, n = 8, p < 0.05); 5-HT by 28%
(100µM, n = 8, p < 0.01); NKA by 49% (300nM, n = 8, p <
0.001); PGE2 by 29% (10µM, n = 8, p < 0.05); and ATII by 47%
(100nM, n = 8, p < 0.05). The impact of nifedipine was
relatively consistent after the activation of each agonist,
with no significant differences found between any of the
responses (p = NSD, ANOVA with Tukey post-test for this
final statistical assessment only).

3.2.2 Effect of Nifedipine on Frequency and
Amplitude of Phasic Contractions
The frequencies and amplitudes of spontaneous phasic
contractions produced by the U&LP tissues were investigated
in the absence and presence of nifedipine for each of the receptor
agonists (Table 2). No significant differences in the contractile
frequency or amplitude were observed between the presence and
absence of nifedipine (1 µM) for responses to carbachol,
histamine, 5-HT, or NKA. Contractions for PGE2 (10µM, n =
8, p < 0.01) and ATII (100nM, n = 8, p < 0.05) exhibited a
reduction in the amplitude of spontaneous phasic contractions in
the presence of nifedipine, and when compared to the response in
the absence of nifedipine, was a statistically significant difference.

3.3 Influence of Nominally Zero Ca2+

Solution on U&LP Contractions
3.3.1 Effect of Nominally Zero Ca2+ Solution on
Baseline Tensions
U&LP contractions for all receptor agonists in the presence of
nominally zero Ca2+ solution were significantly inhibited
compared to the control group in normal Krebs solution. In
the absence of any extracellular Ca2+ sources, the contractions of
the U&LP were impaired (paired Student’s two-tailed t-test,
Figure 2). Contractions were inhibited as follows: carbachol by
39% (1µM, n = 11, p < 0.01); histamine by 46% (100 µM, n = 8, p <
0.05); 5-HT by 28% (100 µM, n = 8, p < 0.05); NKA by 22%
(300 nM, n = 9, p < 0.05); PGE2 by 32% (10 µM, n = 8, p < 0.05);
and ATII by 43% (100 nM, n = 8, p < 0.01). Across all receptors,
there were no significant differences between the averaged
responses (p = NSD, ANOVA with Tukey post-test).

3.3.2 Effect of Nominally Zero Ca2+ Solution on
Frequency and Amplitude of Phasic Contractions
Tissues exposed to a Ca2+-free extracellular environment had no
alterations to their frequency or amplitude of spontaneous phasic
contractions during responses to receptor agonists carbachol
(1 µM), histamine (100 µM), 5-HT (100 µM), NKA (300 nM)
or PGE2 (10 µM). Although the activation of all receptors
induced increases to baseline tensions, only ATII (100 nM)
also resulted in the significant decrease in the frequency of
spontaneous phasic contractions in the presence of nominally
zero Ca2+ solution (Table 3).

3.4 Overall Impact of Extracellular Ca2+ on
Baseline Tension Contractions
In this study, two different methods were applied to assess the
impact of extracellular Ca2+: the immersion of the tissue in
nominally zero Ca2+ solution; or through Ca2+ channel
antagonism with nifedipine (1 µM). Both methods significantly
inhibited contractile activity changes in response to the assessed
agonists. Overall, when looking at the impact of either nifedipine
or nominally zero Ca2+ solution, there were no significant
differences (Student’s two-tailed unpaired t-tests for each)
between the effectiveness of inhibitions of tension, frequency,

TABLE 1 | Summary of U&LP tissue spontaneous phasic activity. Tension,
frequency, and amplitude recorded in response to receptor agonists. Data
presented as mean ± SEM.

Agonist Conc Δ Tension (g) Δ Frequency
(cpm)

Δ Amplitude (g) n

Carbachol 1 µM 3.77 ± 0.31*** 1.15 ± 0.20*** −0.27 ± 0.10* 22
Histamine 100 µM 1.54 ± 0.20*** 0.64 ± 0.24* −0.08 ± 0.07 16
5-HT 100 µM 6.23 ± 0.64*** 2.15 ± 0.64** −0.37 ± 0.09*** 17
NKA 300 nM 2.50 ± 0.25*** 0.11 ± 0.24 −0.12 ± 0.06 17
PGE2 10 µM 2.43 ± 0.22*** −0.05 ± 0.34 −0.03 ± 0.04 16
ATII 100 nM 1.50 ± 0.18*** 0.20 ± 0.08* −0.22 ± 0.06** 16

*p < 0.05, **p < 0.01, ***p < 0.001 (paired t-test).
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FIGURE 1 | U&LP baseline tension responses to receptor agonists carbachol (1 µM), histamine (100 µM), 5-HT (100 µM), NKA (300 nM), PGE2 (10 µM), and ATII
(100 nM) in the absence of (left) and the presence of (right) nifedipine (1 µM). *p < 0.05, **p < 0.01, ***p < 0.001 (paired Student’s two-tailed t-test).
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or amplitude after the addition of carbachol (1 µM), histamine
(100 µM), 5-HT (100 µM), NKA (300 nM), PGE2 (10 µM), and
ATII (100nM, p = NSD for all).

4 DISCUSSION

The extent of influence that either extracellular or intracellular
Ca2+ has on smooth muscle contraction varies throughout the
body, promoting a specific interest towards identifying the
prominent sources of Ca2+ influx across different organs. Ca2+

has a clear role in mediating the contractile activity of the bladder
(Ikeda and Kanai, 2008), but the specific source of the Ca2+ in the
urothelium and lamina propria tissue layer has never been
investigated. Extracellular Ca2+ is of particular interest as it
plays an essential role in many physiologic functions
throughout the human body, and stimulates not only
contraction, but also key underlying Ca2+ -dependent systems,
which could be altered in bladder disorders (de Groat, 2004). As
such, identifying the potential mechanisms involved in receptor-
mediated contractions can support the development of new and
novel pharmaceuticals, as well as develop a greater understanding
of potential mechanisms underlying bladder dysfunction.

This study has identified prominent extracellular Ca2+

influences on muscarinic, histamine, 5-HT, neurokinin-A,
prostaglandin E2 and angiotensin-II receptor mechanisms of
action. Each of these receptor systems are G protein-coupled
receptors of the Gq11 class. Particular subtypes of interest have
been previously identified as the M3 muscarinic (Moro et al.,
2011), H1 histamine (Stromberga et al., 2019), 5-HT2A

serotonergic (Moro et al., 2016), neurokinin (Grundy et al.,
2018), EP1 prostaglandin (Stromberga et al., 2020b), and AT1

angiotensin II (Lim et al., 2021) receptors. This broad presence of
GPCRs in the U&LP constitutes the majority of surface receptors
in the bladder, and many can be activated through
neurotransmitters, hormones, and external stimuli that elicit a
variety of cellular responses to stimulate downstream signalling
activities (Mizuno and Itoh, 2009). Both inhibition of the L-type
Ca2+ channels with nifedipine or inhibiting Ca2+ influx from
extracellular fluids showed similar influences towards impairing
GPCR contractions, inhibiting 20–50% of the contractile
responses. These results are consistent with the finding by
Heppner et al. (2011) where the inhibition of L-type voltage-
gated Ca2+ channels reduced carbachol-induced contractions of
human tissue by 74%, 18% in pig and 27% in mouse tissue. The
additional finding that spontaneous phasic activity is not affected
by the addition of nifedipine suggests that the overall
conductance which generates the spontaneous contractions
does not appear to have a relation with the L-type Ca2+ channels.

In this study, the response of each of the GPCRs to
nifedipine has supported the presence of L-type voltage-
gated Ca2+ channels in the U&LP of the urinary bladder.
Lining the bladder lumen, the urothelium not only has an
integral role in acting as the highly resistant physical barrier
between urine and the underlying tissues, but also responds to
stimuli and can transfer information to underlying cells
(Birder and Andersson, 2013). Heppner et al. (2011) also
observed the bladder U&LP of guinea pig tissue to exhibit
dependence on Ca2+ influx through L-type Ca2+ channels,
with spontaneous contractions significantly inhibited by
nifedipine. However, clear evidence is lacking on the
location of the L-type Ca2+ channels within these tissue
layers. The lamina propria, a layer of highly innervated
connective tissue located between the basement membrane
of the urothelium and luminal surface of the detrusor, has
demonstrated an essential role in signalling functions
(Andersson and McCloskey, 2014; Heppner et al., 2017). In
particular, its role in Ca2+ signalling may be of importance to
the maintenance of normal bladder function and may present
as a core site of extracellular Ca2+ influence. This could be
through myofibroblasts, which have been identified to
contribute to spontaneous activity through extracellular
sources, and also express muscarinic and purinergic
receptors that could assist in propagating signals to the
urothelium (Heppner et al., 2011). Moreover, it has been
suggested that the muscularis mucosae found within the
underlying lamina propria of some species may also be
impacted by the entry of extracellular Ca2+ (Heppner et al.,
2011). In addition, interstitial cells of Cajal-like cells, located
within the lamina propria layers, have also demonstrated
firing activity of Ca2+ transients (Hashitani et al., 2004;
Johnston et al., 2008), and there is some influence on the
activity of pericytes surrounding blood vessels within the
tissue (Mitsui and Hashitani, 2020).

The partial reduction (20–50%) in GPCR-mediated
contractions of the U&LP by nifedipine may indicate
additional sources of Ca2+ entry. This could include other
voltage-gated channels such as T-type or P-type Ca2+

channels, previously identified in the urinary bladder (Deng

TABLE 2 | U&LP change in frequency and amplitude responses to receptor
agonists in the absence (control) and presence of nifedipine (1 µM). There
were no significant differences between the average frequency changes between
the absence and presence of nifedipine for any of the agonists. Data presented as
mean ± SEM.

Δ Frequency (cpm)

Agonist Conc Control + Nifedipine p-value n

Carbachol 1 µM 0.92 ± 0.17*** 1.20 ± 0.44* 0.58 11
Histamine 100 µM 0.76 ± 0.28* 0.83 ± 0.33* 0.88 8
5-HT 100 µM 2.58 ± 0.95* 3.67 ± 1.66 0.26 8
NKA 300 nM 0.44 ± 0.40 0.50 ± 0.59 0.91 8
PGE2 10 µM -0.23 ± 0.38 -0.41 ± 0.41 0.78 8
ATII 100 nM 0.06 ± 0.17 0.24 ± 0.18 0.45 8

Δ Amplitude (g)

Carbachol 1 µM −0.51 ± 0.17* −0.18 ± 0.06* 0.07 11
Histamine 100 µM −0.03 ± 0.05 −0.07 ± 0.04 0.54 8
5-HT 100 µM −0.25 ± 0.10* −0.28 ± 0.08** 0.70 9
NKA 300 nM −0.23 ± 0.08* −0.18 ± 0.07* 0.48 8
PGE2 10 µM −0.04 ± 0.04 −0.16 ± 0.03*** 0.01** 8
ATII 100 nM −0.32 ± 0.08** −0.16 ± 0.06** 0.05* 8

*p < 0.05, **p < 0.01, ***p < 0.001 (paired t-test) after the addition of each agonist (listed
to the left) in the absence and presence of nifedipine (1 µM). p-values (paired Student’s
two-tailed t-test) in the right column denote the differences between the responses to
agonist in the absence of and the responses to agonist in the presence of nifedipine.
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FIGURE 2 | U&LP baseline tension responses to receptor agonists carbachol (1 µM), histamine (100 µM), 5-HT (100 µM), NKA (300 nM), PGE2 (10 µM), and ATII
(100 nM) as controls in the normal Krebs (left) and in nominally zero Ca2+ solution (right). *p < 0.05, **p < 0.01, ***p < 0.001 (paired Student’s two-tailed t-test).
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et al., 2012). In addition, this partial reduction which was
maintained in a Ca2+ -free environment suggests internal
stores of Ca2+, such as from the sarcoplasmic reticulum, or
other signalling pathways activated by Gq/11 receptor
proteins, may play a role in mediating contractile activity of
the U&LP.

4.1 Clinical Relevance
Antimuscarinics and parasympathomimetics have shown success
for the management of bladder contractile disorders, and
currently sit as first-line pharmaceutical treatments for
overactive bladder and underactive bladder, respectively.
However, most patients cease treatment regimens due to lower
than expected benefits and adverse side effects. Recent success has
been found with combination therapies and there is increasing
interest in the identification of alternative receptors systems that
may be involved in contraction, and hence future targets for
therapeutic treatments. This study’s identification of similarities
between receptors mediating and modulating contraction in the
urinary bladder may present future therapeutic targets or provide
insights into mechanisms that may be dysfunctional in overactive
or underactive bladder. Of particular interest was this study’s
finding that histamine, neurokinin-A and angiotensin II are

highly dependent on extracellular Ca2+, warranting further
investigation into their clinical use for the management of
bladder dysfunction.

4.2 Limitations and Future Direction
A limitation of this study was the use of single-dose
applications of receptor agonists to examine changes in
frequencies and amplitudes of phasic contractions over 30-
min time periods. It should be noted that in detrusor studies of
carbachol-induced bladder contractions, human tissue
responded to inhibited extracellular Ca2+ to a greater
extent than pig tissue (Wuest et al., 2007), however, this
has not been demonstrated in urothelial and lamina
propria studies. Future studies could investigate the
potential role of ageing in influencing receptor responses to
extracellular contractions, such as histamine (Stromberga
et al., 2020a), as well as explore the influence of other
GPCRs and the influence of Ca2+ on their responses.

5 CONCLUSION

This study identified a prominent role of extracellular Ca2+ for
urinary bladder contractile activity. The responses obtained from
muscarinic, histamine, 5-HT, neurokinin-A, prostaglandin E2
and angiotensin II receptor activation are highly sensitive to
extracellular Ca2+, presenting a potential mechanism underlying
bladder dysfunction.
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Protective Effect of Purinergic P2X7
Receptor Inhibition on
Acrolein-Induced Urothelial Cell
Damage
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Patients undergoing chemotherapy with cyclophosphamide experience cystitis due to
excretion of a toxic metabolite, acrolein. Cystitis, an inflammation of the bladder, is
associated with damage to the integrity of the urothelial barrier. The purinergic P2X7
receptor (P2X7R) is increasingly recognized for its role in inflammation and cell death.
P2X7R is expressed abundantly on the bladder urothelium. The aim of this study was to
investigate the role of P2X7R in acrolein-induced inflammatory damage in primary cultured
porcine bladder urothelial cells. Confluent urothelial cells in culture were treated with
acrolein to induce damage; also, with the P2X7R selective antagonist, A804598. Cell
viability assay, immunocytochemistry, and trans-epithelial electrical resistance (TEER)
studies were carried out to investigate the effect of treatments on urothelial cell
function. Acrolein induced a significant reduction in urothelial cell viability, which was
protected by the presence of A804598 (10 µM). The urothelial barrier function, indicated by
TEER values, was also significantly reduced by acrolein, whereas pre-incubation with
P2X7R antagonist significantly protected the urothelial cell barrier from acrolein-induced
TEER reduction. The structure of urothelial cell tight junctions was similarly impacted by
acrolein treatment, showing the fragmentation of zona occludens-1 (ZO-1)
immunoreactivity. Pre-treatment of cells with A804598 countered against the actions
of acrolein andmaintained ZO-1 expression level and cell structure. The damaging effect of
acrolein on urothelial cells integrity could be impaired by inhibition of P2X7R, therefore
P2X7R blockade may be a possible therapy in patients with bladder cystitis caused by
cyclophosphamide treatment.
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receptor, urothelial permeability
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INTRODUCTION

Cyclophosphamide (CYP) and its toxic urinary metabolite,
acrolein, causes severe cystitis, inflammation of the bladder, in
patients who undergo chemotherapy. CYP-induced cystitis is one
of the most frequently used models to study inflammatory cystitis
(Birder and Andersson, 2018) as it displays many features similar
to conditions such as interstitial cystitis/bladder pain syndrome
(IC/BPS). In patients with IC/BPS, inflammation leads to the loss
of or severe damage to the urothelial layer (Liu et al., 2015),
absence of tight junction proteins (Slobodov et al., 2004), and
increased urothelial permeability (Graham and Chai, 2006).
These changes are associated with increased production of
inflammatory mediators (Lamale et al., 2006; Offiah et al.,
2016), histamine (Sant and Theoharides, 1994; Rudick et al.,
2008), and nitric oxide (Koskela et al., 2008), as well as infiltration
of inflammatory cells such as neutrophils and eosinophils (Dodd
and Tello, 1998).

During bladder filling, ATP released from the urothelium is
believed to function as a signaling transmitter acting on
purinergic P2X2 and P2X3 receptors located on bladder
afferent nerves to facilitate the sensation of fullness
(Burnstock, 1972). ATP released from urothelial cells has also
been shown to be increased in patients with IC/BPS (Sun and
Chai, 2006) and feline model of IC/BPS (Birder et al., 2003) as
well as in CYP-induced cystitis in rats (Smith et al., 2005).
Patients with IC/BPS experience enhanced pain on bladder
filling, which is associated with enhanced ATP release and
upregulated P2X2 and P2X3 receptor expression (Tempest
et al., 2004). In addition to P2X2 and P2X3 receptors, the
P2X7 receptor (P2X7R) is likely to play an important
regulatory role in bladder inflammatory responses seen in
cystitis (Taidi et al., 2019). P2X7R expression has been shown
in different layers of the urinary bladder with P2X7R
immunoreactivity abundant on both the urothelium and
smooth muscle (Vial and Evans, 2000; Menzies et al., 2003;
Svennersten et al., 2015). Upregulation of submucosal P2X7R
was detected in a mouse model of CYP-induced cystitis. In this
model, treatment with a P2X7R selective antagonist significantly
reduced cystitis symptoms (Martins et al., 2012).

Sustained activation of P2X7R by high concentrations of
extracellular ATP (>100 µM) is associated with apoptotic cell
death (Li et al., 2014), triggered by the formation of large non-
selective membrane pores. These pores allow larger molecules to
pass through cells membranes (Karasawa et al., 2017), including
the release of apoptotic factors to promote caspase activation, and
cell death (Burnstock and Knight, 2018). Previous studies have
shown that substantially enhanced ATP release in response to
acrolein was seen in primary rat urothelial cells and human
urothelial cell lines (RT4 and T24) under basal and stretched
conditions (Nirmal et al., 2014; Mills et al., 2019), indicating that
increased purinergic signalling may be associated with CYP-
induced cystitis and pain. However, the role of P2X7R in
terms of urothelial barrier integrity and permeability in cystitis
has not been explored.

Using an ex-vivo porcine bladder model, we have recently
reported that instillation of acrolein into the bladder lumen

caused damage to the urothelial and suburothelial layers, along
with diminished bladder contractility in response to acetylcholine
stimulation. The addition of P2X7R antagonist significantly
attenuated acrolein-induced damage to the bladder (Taidi et al.,
2021). The aim of this study was to further investigate whether the
P2X7R is involved in acrolein-induced changes in urothelial barrier
structure and integrity at the cellular level. Using primary cultured
porcine urothelial cells, we have studied the role of P2X7R in
acrolein-induced changes in cell morphology and viability as well
as the expression of tight junction protein, zona occludens-1 (ZO-1).
We have also investigated the role of P2X7R in acrolein induced
disturbance of urothelial monolayer integrity by measuring trans-
epithelial electrical resistance (TEER), using our newly developed
in vitro urothelial barrier model.

MATERIALS AND METHODS

Animal Samples
Adult female porcine bladders were harvested directly from a
local abattoir and transported to the laboratory within 3 h. Upon
receipt, bladders were rinsed twice with carbogenated Krebs-
Henseleit solution (in mM, NaCl 118, KCl 4.7, NaHCO3 25,
KH2PO4 1.2, MgSO4 1.2, CaCl2 2.5, and D-glucose 11.7, pH 7.4),
supplemented with 1% of antibiotic-antimitotic solution (10,000
units/ml of penicillin, 10,000 μg/ml of streptomycin, and 25 μg/
ml of amphotericin B Gibco, Cat# 15240062).

Primary PorcineUrothelial Cell Isolation and
Culture
The urothelial cells were scraped off from the luminal surface of
the porcine bladder using a scalpel blade and suspended in RPMI
1640 culture media (R5886, Sigma-Aldrich) including 10% foetal
bovine serum (FBS) (10099141, Thermo Fisher Scientific) and 1%
antibiotic-antimitotic, as reported previously (Bahadory et al.,
2013). Trypsin-EDTA (0.25%, 25200072, Thermo Fisher
Scientific) was added to the luminal side of the bladder to
remove any residual urothelial cells. After 5 min incubation at
37°C, cells were scraped off into RPMI complete media and
centrifuged at 750 g for 5 min. Urothelial cells were then
plated into T75 flasks and incubated at 37°C in 5% CO2 until
they reach 70–80% confluence (approximately 7–10 days).

Cell Morphology and Viability
Once cells achieved 80% confluence, primary urothelial cells were
passaged and plated (1 × 105) in a 24-well plate (Corning) and
treated overnight at 37°C in 5% CO2 with acrolein (12.5–100 μM,
110221, Sigma-Aldrich). Cells were also treated with acrolein
(50 µM) plus P2X7R antagonist, A804598 (at 1 and 10 μM, 01617,
Sigma-Aldrich). Cells were monitored for changes inmorphology
and pictures captured at 2 h post treatment as well as after
overnight treatment. Following overnight treatment, cell
viability was measured using resazurin (10%, 0.3 mg/ml,
ab129732, Abcam) (Riss et al., 2016; Mills et al., 2019). The
fluorescence signal was quantified by Fluostar plate reader
(560 nm excitation/590 nm emission) at 3 h.
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Development of in vitro Urothelial Barrier
Model
To establish a reliable cell culture system for urothelial
monolayer, we attempted to plate urothelial cells in different
culture media. With some culture conditions, cells did not form
high integrity barriers, or TEER values were too high to be
disrupted by the application of TNFα and IL-β (both 100 ng/
ml), which was used as a positive control in this study as these
have been shown to markedly reduce TEER values in Caco-2 cells
(Diezmos et al., 2018). A reliable system was eventually
established using the following conditions: primary porcine
urothelial cells were isolated and cultured in T75 flasks
containing RPMI complete media until 70–80% confluence, as
described above. Confluent urothelial cells were passaged and
plated in permeable 12-well transwell inserts (Corning 3,413,
6.5 mm diameter inserts and 0.4 μm pore size) at 1 × 105 cells per
insert and incubated at 37°C in 5% CO2. DMEM culture media
supplemented with 10% FBS, 1% antibiotic-antimitotic, and 1%
glucose was used to replace RPMI. For each well, DMEM was
added to both the apical (into transwell) and basal (into the well
outside of the transwell) chamber. TEER or the electrical
resistance of urothelial cells was measured using EVOM
epithelial volt/ohm meter (EVOM, World precision
instruments). TEER was monitored daily until the steady level
was reached (achieved after 8–10 days in culture). The TEER
value for urothelial cells was 7,390 ± 495Ωcm2 (mean ± SEM),
which was higher than that of Caco-2 cells (925–2,500Ωcm2).

In vitro Model of Damaged Urothelial
Monolayer by Acrolein
Once consistent TEER values at the desired level had been
reached, acrolein (at 50 µM) was applied to the apical surface
of the urothelial cell layer, to induce urothelial cell damage.
Application to the apical surface was chosen to mimic the in
vivo cytotoxic effects of acrolein present in the urine of patients
treated with CYP (Takamoto et al., 2004; Haldar et al., 2014). To
determine the effect of P2X7R antagonist, A804598 (10 µM) on
acrolein-induced urothelial cell damage, the antagonist was
added to both the apical and basal cell surfaces. The
antagonist applied to only the apical side had also been tried,
but the results were less optimal. Urothelial cells were pre-
incubated with A804598 for 30 min prior to the addition of
acrolein. Baseline TEER was measured at 0 h, then changes in
TEER were followed at 2, 4, 24, and 48 h after treatment.

Immunofluorescence Staining
Immunocytochemical studies were conducted on porcine
urothelial cells cultured on a glass coverslip in RPMI for
7–10 days. Confluent cells were fixed with 95% ethanol and
5% acetic acid solution for 10 min. Before use, cells were
washed (3 × 10 min) with phosphate buffered saline (PBS 0.1
M, pH 7.4) followed by 30 min incubation in 10% goat or donkey
serum to block nonspecific binding sites of a secondary antibody.
To confirm that the primary cultured cells were of epithelial
origin, cells were labelled with the cytokeratin marker AE1/AE3

antibody (1:200, M3515, Dako). To demonstrate the expression
of P2X7R on isolated porcine urothelial cells, the cultured cells
were incubated with primary P2X7R antibody (1:100, ab93354,
Abcam) overnight at room temperature. Urothelial cell tight-
junction proteins were labelled with anti-ZO-1 antibody
(Invitrogen 61–7,300, 1:100) overnight at room temperature.
Following incubation with primary antibodies, cells were
washed (3 × 10 min) in tris-buffered saline (TBS) and tagged
with a secondary fluorescent antibody for 1 h at room
temperature [Alexa Fluor 594 (1:200, ab150080) for ZO-1;
Alexa Fluor 488 (1:200, ab150105) for AE1/AE3, and Alexa
Fluor 488 (1:200, ab150129) for P2X7R, all from Abcam].
Cells were then washed again with TBS (3 × 10 min) before
the urothelial cell nuclei were stained with DAPI.
Immunoreactive images were captured using Neurolucida
microscope, 20/×40 objectives, and analysed using ImageJ
software.

To determine the effect of the acrolein on ZO-1 expression,
urothelial cells were incubated with 50 µM acrolein for 2 and 24 h
in RPMI (as above) at 37°C in 5%CO2 before being fixed for ZO-1
immunohistochemistry. To determine the effect of P2X7R
selective antagonist A804598 on acrolein-induced changes in
ZO-1 tight junction protein expression, urothelial cells were
pre-incubated with A804598 (10 μM) for 30 min prior to the
addition of acrolein.

Statistical Analysis
Data were analysed with GraphPad Prism 8 and expressed as
mean ± standard error of the mean. One-way ANOVA followed
by Bonferroni’s multiple comparisons was applied to analyse cell
viability results, and two-way ANOVA followed by Bonferroni’s
multiple comparisons was used to analyse the TEER results. p
value <0.05 was set as statistical significance.

RESULTS

AE1/AE3 and P2X7R Immunofluorescence
Staining
As shown in Figure 1A, all cultured porcine urothelial cells were
positive immunoreactivity against AE1/AE3, verifying the
epithelial origin of these cells. P2X7R immunoreactivity was
demonstrated in the cytoplasm and membranes of most but
not all primary cultured porcine urothelial cells (Figure 1B),
confirming the expression of P2X7R on cultured urothelial cells.

Effect of P2X7R Inhibition on
Acrolein-Induced Cytotoxicity
Acrolein markedly reduced the urothelial cell viability in a
concentration-dependent manner (Figure 2A). As the
concentration of acrolein increased to 25 and 50 µM there was
an increasing cytotoxic effect seen by the reduction in cell viability
(p < 0.0001). This appeared to plateau at 50 µM acrolein.
Therefore, the effect of the P2X7R selective antagonist
(A804598) was examined on cells treated with 50 μM acrolein
(Figure 2B). The cytotoxic effect of acrolein was not significantly
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inhibited by the pre-treatment of cells with A804598 at 1 µM
A804598 at 10 μM, however, showed a great impact on the
cytotoxic effect of acrolein and significantly abolished the

acrolein induced cytotoxicity (p < 0.0001). The result of
A804598 alone was similar to that of the control group.

Effect of P2X7R Inhibition on
Acrolein-Induced Changes in Cell
Morphology
Urothelial cells freshly isolated from the luminal surface of the
porcine urinary bladder were initially rounded in shape. After three
to 4 days in culture, cells flattened and spread out. After 7–10 days in
culture, cells appeared confluent with urothelial cells forming a well-
connected monolayer of epithelial-like shaped cells with a typical
cobble-stone morphology (Le et al., 2014) (Figure 3A).

Treatment of the cultured urothelial cells with 50 µM acrolein
for 2 h resulted in obvious damage to the urothelial cell
monolayer. Attached and well-connected urothelial cells
became dissociated at several points within the monolayer
(indicated by white arrows in Figure 3B). Further incubation
overnight with 50 µM acrolein enhanced this dissociation, with
cells losing their flattened, cobble-stone morphology, and
becoming spherical or irregular in shape with more cells
losing adherence, indicative of an increase in dead cells
(Figure 3C). Incubation of the urothelial cells with the
selective P2X7R antagonist, A804598 (10 µM) by itself, did not
cause any changes in cell morphology (Figure 3D). Pre-
incubation of urothelial cells with A804598 (10 µM) protected
the urothelial monolayer from the disruptive effects of acrolein at
2 h (Figure 3E) and overnight (Figure 3F). Although minor
dissociation was still seen on urothelial monolayer after 2 h
incubation with acrolein (50 µM) following pre-treatment with
A804598 (Figure 3E, white arrows), cells appeared to proliferate
overnight and return to a normal cobble-stone morphology
(Figure 3F).

Effect of P2X7R Inhibition on
Acrolein-Induced Disruption to Urothelial
Cell Integrity
Treatment of cultured porcine urothelial cells with 50 µM
acrolein caused significant disruption to urothelial cell

FIGURE 1 | Immunocytochemistry on porcine primary cultured urothelial cells. (A) All cultured cells uniformly expressed AE1/AE3 cytokeratin, the epithelial cell
marker, indicating the pure identity of cultured porcine urothelial cells. (B) Cultured urothelial cells show an intense expression of P2X7R in the cytoplasm and
membranes. The green color denotes AE/AE3 staining in panel A and P2X7R staining in panel B. The blue color shows the nuclei stained with DAPI. Magnification bar
shows 50 µm.

FIGURE 2 | Effects of P2X7R inhibition on acrolein-induced cytotoxicity
as measured by oxidation of resazurin. (A) Acrolein reduced urothelial cell
viability in a concentration-dependent manner (12.5–100 µM). (B) The
reduced cell viability caused by acrolein (50 µM) was prevented by the
addition of P2X7R antagonist A804598 at 10 μM, although the preventive
effect was not significant at a lower concentration (1 µM). A804598 (10 µM)
alone showed no different compared to the control. ***p < 0.001, ****p <
0.0001 compared to the control; ####p < 0.0001 compared to the acrolein
treated group (n = 6 for all groups, one-way ANOVA followed by Bonferroni’s
multiple comparisons.
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integrity as indicated by a decrease in TEER values (Figure 4).
After 24 h of acrolein treatment, there was a 60% reduction in
trans-epithelial resistance. Pre-incubation of urothelial cells with
the P2X7R antagonist A804598 (10 µM) showed protection
against acrolein-induced disruption to urothelial cell integrity,
as the TEER values returned to the control level, which was
significantly different from that of the acrolein only group
between 4 and 48 h. A804598 by itself did not lead to any
significant changes in TEER compared to control.

Effect of P2X7R Inhibition on
Acrolein-Induced Disruption to Urothelial
Cell Tight Junction Protein ZO-1
The integrity of the urothelial cell monolayers formed after
8–10 days in culture was demonstrated by strong
immunoreactivity of tight junction protein ZO-1 (Figure 5A).
Acrolein induced cytotoxicity and disruption to the urothelial cell

integrity was demonstrated by the reduction in ZO-1
immunoreactivity. ZO-1 immunoreactivity was clearly
discontinuous and highly compromised in urothelial cells
treated with acrolein (50 µM) for 4 h (Figure 5C) compared to
controls. However, when cells were treated with both A804598
(10 μM) and acrolein (50 μM), the disruption to ZO-1 expression
was inhibited (Figure 5D), indicating that A804598 protected
urothelial cell monolayers from acrolein-induced damage.
A804598 (10 μM) alone did not show any effect on ZO-1
expression (Figure 5B).

DISCUSSION

Interstitial cystitis and other inflammatory bladder conditions are
associated with changes in the urothelial cell viability, integrity,
and permeability. The current study has demonstrated that
urothelial cell changes induced by acrolein are very similar to

FIGURE 3 | Effect of P2X7R inhibition on acrolein-induced changes in cell morphology. Confluent primary cultured urothelial cells under normal culture conditions
(A). Cells were treated with acrolein (50 µM) for 2 h (B) or overnight (C). Cells were treated with the selective P2X7R antagonist A804598 (10 µM) overnight (D). Cells
were pre-incubated with A804598 (10 µM) for half an hour and then treated with acrolein (50 µM) for 2 h (E) or overnight (F). Magnification bar shows 100 µm. White
arrows indicate the disruption of cell-cell adhesions.
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those demonstrated in patients with bladder conditions
associated with IC/PBS. Importantly, this study has shown
that these changes can be inhibited by the selective P2X7R
antagonist, A804598.

The urothelium of the bladder from patients with IC/BPS is
thinner, usually only 1 or 2 cells thick, compared to the
urothelium from normal bladders, which is approximately 5

cells thick (Slobodov et al., 2004). Decreased urothelial cell
viability and increased apoptotic cell death are common in
cystitis. They have been demonstrated in IC/BPS (Shie and
Kuo, 2011; Shie et al., 2012) and other type of urinary bladder
cystitis including ketamine-induced cystitis (Lee et al., 2013).
Increased urothelial cell apoptosis is also common in other
bladder conditions, including bladder outlet obstruction, spinal
cord injury, and recurrent urinary tract infection (Liu et al., 2015).
As supported by the findings in the current study, acrolein is a
well-known cytotoxic compound with effects on cell viability
reported for doses between 5 µM (Suabjakyong et al., 2015) and
100 µM (Mills et al., 2019).

As well as decreases in urothelial cell viability, cystitis is
associated with disruption to the integrity of the urothelial
barrier. Absence of ZO-1 (Slobodov et al., 2004) and increased
urothelial permeability (Graham and Chai, 2006) have been
reported in patients with haemorrhagic cystitis and also in
animal models of CYP-induced cystitis or intravesical
instillation of acrolein (Martins et al., 2012). Similar findings
have been reported in other tissues with decreased epithelial
integrity and increased epithelial barrier permeability observed in
in-vitro models of acrolein-treated vocal fold epithelial cells (Liu
et al., 2016) and intestinal epithelial cells (Chen et al., 2017). The
present study demonstrated the expression of tight junction
protein, ZO-1, in cultured porcine urothelial cells and that
acrolein treatment has led to the degradation of tight junction
protein. Increased urothelial cells permeability as a result of
damaged or lost tight junction proteins will eventually cause
the pathophysiological condition in which normal cell
homeostasis is disturbed. In the current study this was

FIGURE 4 | Effect of P2X7R inhibition on acrolein-induced disruption to
urothelial cell integrity measured by TEER. Data were expressed as the
percentage change of TEER relative to pre-treatment of the same well. Two-
way ANOVA analysis showed a highly significant reduction in TEER after
urothelial cells were treated with acrolein (50 µM) up to 48 h (****p < 0.0001
compared to control). Acrolein induced TEER reduction was significantly
prevented by co-incubation with P2X7R antagonist A804598 (10 µM)
(#####p < 0.0001 compared to acrolein alone). A804598 alone did not show
any effect on TEER values. Each condition was measured as duplicates of n =
8 animals. Two-way ANOVA followed by Bonferroni’s multiple comparison
tests show *p < 0.05, **p < 0.01, ***p < 0.001 compared to the same time
point of the control group; #p < 0.05, ##p < 0.01 compared to the same time
point of the acrolein alone group.

FIGURE 5 | Immunocytochemistry of tight junction protein zonula occludens-1 (ZO-1) (red) on primary cultured porcine bladder urothelial cells. ZO-1
immunoreactivity remained intact in (A) control cells and (B) cells treated with P2X7R antagonist A804598 (10 µM). Cells treated with acrolein (50 µM) for 4 h disrupted
the integrity of ZO-1 immunoreactivity (C). ZO-1 immunoreactivity remained intact in acrolein treated cells in the presence of A804598 (10 µM) (D). The blue color shows
the nuclei stained with DAPI. Magnification bar shows 100 µm.
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demonstrated by a decrease in trans-epithelial resistance,
indicating a disruption of the normal barrier functions of the
urothelium.

Perhaps the most important finding of the current study
was that the acrolein-induced changes in urothelial cell
viability, integrity, and permeability were significantly
inhibited by pre-treatment of urothelial cells with the
selective P2X7R antagonist, A804598. This is the first report
of the protective effect of P2X7R inhibition on acrolein-
induced changes in urothelial cell permeability, although
similar and comparable results have been reported
previously in other models examining epithelial barrier
integrity (Chen et al., 2014; Wu et al., 2017). This study is
also the first to report the protective effect of A804598 on the
expression of tight junction proteins in primary urothelial
cells, which is in line with previous studies reported in other
systems. For example, brilliant blue G, which is a selective non-
competitive P2X7R antagonist, preserved the expression of
both occludin and ZO-1 in the rat lung tissue in a model of
neurogenic pulmonary edema (Chen et al., 2014). Also, in the
model of sepsis-induced intestinal barrier disruption (Wu
et al., 2017), P2X7R antagonist not only increased TEER
but also showed a significant increase in expression of tight
junction proteins, occludin, claudine-1, and ZO-1 (Wu et al.,
2017). The same study showed that Bz-ATP (a purinergic
agonist with potency for P2X7R) significantly decreased the
expression of tight junction proteins and reduced TEER in the
intestine (Wu et al., 2017).

The P2X7R antagonist, A804598, also protected against
acrolein induced loss of cell viability. The effects of P2X7R
on cell viability appears less clear cut in the literature.
Although it is generally well received that P2X7R activation
can cause apoptosis/necrosis and cell death due to the
formation of large cytoplasmic pores, resulting in increased
cell permeability (Schulze-Lohoff et al., 1998), there are
reports showing that activation of P2X7R increases cell
proliferation in lymphoid cells (Baricordi et al., 1999) and
microglia cells (Bianco et al., 2006). The opposing roles of
P2X7R in both cell proliferation and cell death are proposed to
be dependent on the concentration of extracellular ATP. It is
hypothesised that low concentrations of extracellular ATP lead
to basal activity of P2X7R, which results in increased cell
proliferation (Adinolfi et al., 2005); however, high
extracellular ATP levels lead to apoptosis and cell death
(Haanes et al., 2012). As mentioned previously, interstitial
cystitis is associated with increased ATP release from
urothelial cells (Sun and Chai, 2006). Therefore, in these
conditions, blocking the P2X7R can protect urothelial cells
from death. The second important consideration is that the
P2X7R itself is an important regulator of extracellular ATP
level (Brandao-Burch et al., 2012), leading to ATP-induced
ATP release, via P2X7R and other ion channels, such as
pannexin channels (Dahl, 2015; Ceriani et al., 2016).
Therefore, P2X7R antagonism will not only inhibit
urothelial cell apoptosis in the presence of high
concentrations of extracellular ATP it will also prevent
excessive ATP release into the extracellular space.

Taken together, the results of the current study indicate that
acrolein decreases urothelial cell viability and disrupts the
urothelial barrier integrity by damaging tight junction
proteins, leading to increased urothelial barrier
permeability. These changes, which are analogous to the
changes seen in patients with interstitial cystitis, were
inhibited by pre-treatment of urothelial cells with P2X7R
antagonist, A804598. These findings are in line with our
previously reported observations in our ex-vivo model of
urothelial damage by direct instillation of acrolein into the
whole porcine bladder lumen (Taidi et al., 2021) and provide
further evidence for the potential of P2X7R antagonists in the
treatment of IC/PBS.

Recently, many researchers have investigated the effect of
P2X7R antagonists on lower urinary tract inflammatory
diseases (Goncalves et al., 2006; Martins et al., 2012; Munoz
et al., 2017). Martins and associates reported a decrease in the
pain response in the CYP-treated animals following treatment
with a P2X7R antagonist or genetic removal of P2X7R (Martins
et al., 2012). They showed that the treatments result in decreased
bladder inflammatory responses as well as reduced edema and
hemorrhage (Martins et al., 2012). Another study has investigated
the possible role of P2X7R in inflammatory pain in kidneys with
unilateral ureteral obstruction. In P2X7R knockout mice, there
was a reduction in inflammatory cell infiltration and a reduction
in tubular apoptosis (Goncalves et al., 2006). Also, in a similar
model of acute ischemic kidney injury in mice, the P2X7R
antagonist A438079 reduced the expression of inflammatory
chemokines (Yan et al., 2015). Likewise, in a murine colitis
model, treatment with a P2X7R antagonist, A438079, reduced
the production of inflammatory cytokines, TNF and IL-1β, in
colon tissue (Wan et al., 2016). P2X7R antagonists have advanced
to clinical trials as a treatment for a number of inflammatory
diseases, including rheumatoid arthritis and inflammatory bowel
disease (Park and Kim, 2017). The P2X7 antagonist AZD9056 has
shown positive results in phase IIa trials, with improvement in
pain related symptoms in patients with Crohn’s disease (Eser
et al., 2015).

Overall, the results of the current study have provided
evidence for the therapeutic potential of P2X7R antagonists
for inflammatory bladder diseases. Inhibition of P2X7R
activity could be a pathway for the treatment of bladder
inflammation and could potentially be co-administered with
CYP in patients undergoing chemotherapy, thereby protecting
them against treatment associated cystitis. Further studies should
be conducted to investigate the effectiveness of different P2X7R
antagonists. Our in-vitro barrier model developed using porcine
urothelial cells can also be used to evaluate the effect of current
treatments of IC/BPS on urothelial TEER, tight junction
formation and viability to compare their efficacy in protecting
urothelial integrity.
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Mechanosensitive Hydrolysis of ATP
and ADP in Lamina Propria of the
Murine Bladder by Membrane-Bound
and Soluble Nucleotidases
Mafalda S. L. Aresta Branco, Alejandro Gutierrez Cruz, Jacob Dayton, Brian A. Perrino and
Violeta N. Mutafova-Yambolieva*

Department of Physiology and Cell Biology, University of Nevada Reno School of Medicine, Reno, NV, United States

Prior studies suggest that urothelium-released adenosine 5′-triphosphate (ATP) has a
prominent role in bladder mechanotransduction. Urothelial ATP regulates the micturition
cycle through activation of purinergic receptors that are expressed in many cell types in
the lamina propria (LP), including afferent neurons, and might also be important for direct
mechanosensitive signaling between urothelium and detrusor. The excitatory action of ATP is
terminated by enzymatic hydrolysis, which subsequently produces bioactive metabolites. We
examined possible mechanosensitive mechanisms of ATP hydrolysis in the LP by determining
the degradation of 1,N6-etheno-ATP (eATP) at the anti-luminal side of nondistended (empty) or
distended (full) murine (C57BL/6J) detrusor-free bladdermodel, usingHPLC. The hydrolysis of
eATP and eADP was greater in contact with LP of distended than of nondistended bladders
whereas the hydrolysis of eAMP remained unchanged during filling, suggesting that some
steps of eATP hydrolysis in the LP are mechanosensitive. eATP and eADP were also
catabolized in extraluminal solutions (ELS) that were in contact with the LP of detrusor-free
bladders, but removed from the organ chambers prior to addition of substrate. The
degradation of both purines was greater in ELS from distended than from nondistended
preparations, suggesting the presence ofmechanosensitive release of soluble nucleotidases in
the LP. The released enzyme activities were affected differently by Ca2+ and Mg2+. The
common nucleotidase inhibitors ARL67156, POM-1, PSB06126, and ENPP1 Inhibitor C, but
not the alkaline phosphatase inhibitor (-)-p-bromotetramisole oxalate, inhibited the enzymes
released during bladder distention. Membrane-bound nucleotidases were identified in tissue
homogenates and in concentrated ELS from distended preparations by Wes
immunodetection. The relative distribution of nucleotidases was ENTPD1 >> ENPP1 >
ENTPD2 = ENTPD3 > ENPP3 = NT5E >> ENTPD8 = TNAP in urothelium and ENTPD1
>> ENTPD3 >> ENPP3 > ENPP1 = ENTPD2 = NT5E >> ENTPD8 = TNAP in concentrated
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ELS, suggesting that regulated ectodomain shedding of membrane-bound nucleotidases
possibly occurs in the LP during bladder filling. Mechanosensitive degradation of ATP and ADP
bymembrane-bound and soluble nucleotidases in the LPdiminishes the availability of excitatory
purines in the LP at the end of bladder filling. This might be a safeguard mechanism to prevent
over-excitability of the bladder. Proper proportions of excitatory and inhibitory purines in the
bladder wall are determined by distention-associated purine release and purine metabolism.

Keywords: urothelium, bladder, nucleotidases, purine nucleotides, ATP-adenosine triphosphate, ADP, lamina
propria (LP), ATP hydrolysis

1 INTRODUCTION

The urinary bladder has two main functions: storage
(continence) and voiding (micturition) of urine. Normal
operation of these functions depends on proper detrusor
excitability regulated by systemic (e.g., via the central and
peripheral nervous systems) and local (e.g., via urothelial
mediators and signal propagation in cell syncytium)
mechanisms. While neural control of the bladder has been
extensively investigated, local mechanisms of
mechanotransduction from mucosa (urothelium) to nerves
or detrusor during bladder filling have remained elusive
(Dalghi et al., 2020). Adenosine 5′-triphosphate (ATP) has
attracted much attention in urothelium biology after the
seminal discovery in 1997 that ATP was released from
rabbit bladder mucosa sheets mounted in Ussing chambers
in response to hydrostatic pressure (Ferguson et al., 1997). In
the following decades, studies have confirmed that ATP is
released from bladder sheets of different species (Wang et al.,
2005; Lewis and Lewis, 2006; Yu, 2015); from cultured
urothelial cells upon hydrostatic pressure changes, stretch,
hypotonicity-induced cell swelling, or drag forces
(Matsumoto-Miyai et al., 2011; McLatchie and Fry, 2015);
and, in bladder lumen at end of filling (Vlaskovska et al.,
2001; Beckel et al., 2015; Durnin et al., 2016). We recently
demonstrated that during bladder filling, ATP is not only
released into the bladder lumen, but it is also released from
the urothelium into the suburothelium/lamina propria (LP)
(Durnin et al., 2019b). This finding provided more direct

support to the assumption that ATP may be released in the
LP to transmit information to the nervous and muscular
systems during bladder filling (Birder and Andersson, 2013;
Takezawa et al., 2016b). ATP increases the tone of the detrusor
via stimulation of P2X and P2Y purinergic receptors on
smooth muscle cells (Burnstock, 2014) and is proposed to
activate the micturition reflex via stimulation of purinergic
receptors in afferent neurons in the LP at the end of filling
(Cockayne et al., 2000; Vlaskovska et al., 2001). Studies have
suggested that release of ATP from the bladder urothelium
might be enhanced in disease states such as inflammation,
forms of overactive bladder, painful bladder syndrome, and
cancer (Sun and Chai, 2006; Kumar et al., 2007; Silva-Ramos
et al., 2013; Burnstock, 2014). Of particular importance is the
finding that in addition to ATP, its metabolites adenosine 5′-
diphosphate (ADP), adenosine 5′-monophosphate (AMP),
and adenosine (ADO) are physiologically present in the LP
during bladder filling (Durnin et al., 2019b). It is noteworthy to
point out that ATP represents only ~5% of the purine pool
available deep in the bladder wall at the end of bladder filling
(Durnin et al., 2019b), suggesting that a significant
degradation of ATP likely occurs in the LP during bladder
filling. This would diminish the active concentrations of ATP
in LP limiting the activation of P2X2/X3 receptors in afferent
neurons and initiation of a voiding reflex. Therefore,
understanding the mechanisms of ATP hydrolysis in the
course of bladder filling becomes critically important for
comprehending mechanotransduction mechanisms in the
bladder wall. The study of purinergic receptors and their
functions in regulation of bladder excitability is complicated
by the presence at the cell surface of many
enzymes—nucleotidases—that catabolize purine nucleotides
into nucleosides. While hydrolysis of extracellular ATP
terminates its direct action, it also generates ADP and
ADO, both of which could affect bladder excitability. ADP
is a potent agonist of P2Y1, P2Y12, and P2Y13 purinergic
receptors (Abbracchio et al., 2006) and stimulation of the
P2Y12 receptor results in detrusor contractions (Yu et al.,
2014). ADO is a ligand for four ubiquitous G-protein
coupled receptors (A1, A2A, A2B, and A3) (Fredholm et al.,
2000), relaxes the bladder detrusor (Burnstock, 2014) and
regulates the activity of sensory neurons in the bladder wall
(Kitta et al., 2014). An effect thought to be due to ATP may, in
fact, involve its hydrolysis products ADP or ADO. Significant
amount of knowledge about extracellular nucleotide

FIGURE 1 | Principal pathways of extracellular ATP hydrolysis. ATP is
hydrolyzed to ADP and then ADP is hydrolyzed to AMP by ENTPD1, 2, 3, and
8. ATP can be degraded directly to AMP by alkaline phosphatase (ALPL/
TNAP) and ENPP1 and 3. AMP, in turn, is degraded to ADO by NT5E
and ALPL/TNAP.
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FIGURE 2 | Schematics of experimental procedures for evaluation of eATP degradation in extraluminal solutions from nondistended and distended detrusor-free
bladder preparations. (A) Substrate (e.g., eATP or eADP) was added to KBS bathing the bladder preparation. Decrease of substrate and increase of product was
measured using HPLC-FLD. (B) Bladder was incubated in KBS. After incubation time equivalent to the time for bladder filling, an aliquot of the bath solution (aka
extraluminal solution, ELS) was transferred to an empty chamber. Substrate (e.g., eATP or eADP) was added to the transferred ELS and substrate hydrolysis was
assessed by HPLC. (C) Bladder was incubated in KBS as described in panel (B). Then an aliquot of ELS was placed in a filtration unit (MWCO 10 kDa) and centrifuged.
The supernatant (aka concentrated ELS, cELS) was transferred to an Eppendorf tube to which the substrate was added and substrate decrease and product increase

(Continued )
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metabolism in numerous systems has been accumulated in the
past 20 years (Zimmermann et al., 2012; Zimmermann, 2021).
However, the information about degradation of extracellular
purines in the urinary bladder is surprisingly sparse (Lewis and
Lewis, 2006; Yu et al., 2011; Yu, 2015).

The extracellular metabolism of ATP is remarkably complex
(Zimmermann et al., 2012): ATP is degraded sequentially to
ADP, AMP, and ADO in the extracellular space by ectonucleoside
triphosphate diphosphohydrolases (ENTPDs), ecto-nucleotide
pyrophosphatase/phosphodiesterases (ENPPs), alkaline
phosphatase/tissue-nonspecific isozyme (TNAP), and 5′-
nucleotidase (NT5E/CD73) (Figure 1). The contribution of
nucleotidases in the degradation of urothelial ATP might be
highly specialized (Yu et al., 2011; Yu, 2015). While release of
ATP by mechanical stimulation of bladder mucosa or cultured
urothelial cells has been reported, it is currently unknown
whether mechanical stretch during bladder filling affects the
degradation of ATP in the LP. Understanding of these
mechanisms is important for comprehending the regulation of
bladder excitability by excitatory and inhibitory purine mediators
during different stages of bladder filling.

The present study was designed, therefore, to evaluate 1) how
distention of the bladder wall during bladder filling affects the
hydrolysis of ATP and other purines in the LP and 2) the possible
involvement of membrane-bound and soluble enzymes in these
processes.

2 MATERIALS AND METHODS

2.1 Animals
Adult (11–16 weeks) C57BL/6J male and female mice (Jackson
Laboratory, Bar Harbor, MN) were used in this study. Mice were
euthanized by sedation with isoflurane followed by cervical
dislocation and exsanguination. The urinary bladder was
removed and placed in oxygenated ice-cold Krebs-bicarbonate
solution (KBS) with the following composition (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) and subject to further dissection.

2.2 Ethical Approval
Animals were maintained and experiments were performed in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and the Institutional Animal
Use and Care Committee at the University of Nevada.

2.3 Ex vivo Detrusor-Free Bladder
Preparation
Ex vivo bladder preparations with detrusor smooth muscle
removed were prepared as described previously (Durnin et al.,
2019a; Durnin et al., 2019b). Briefly, the bladder was pinned to a
Sylgard-covered dissecting dish filled with cold oxygenated KBS
by the urethra, ureters, and bladder serosa at the apex. After
cleaning the fat and connective tissue that surrounds the bladder
and ureters, portions of the serosa with the muscle attached were
pulled gently and cut with fine surgical scissors along the
submucosal surface of the muscle layer without touching the
urothelium. Once all the detrusor was removed, a PE-20 catheter
was placed through the urethra and secured with 6-0 silk and 6-0
nylon sutures.

2.4 Evaluation of Nucleotidase Activities in
Suburothelium/Lamina Propria of
Detrusor-Free Bladder Preparations
2.4.1 General Protocol of Enzymatic Reactions
1,N6-etheno-derivatives of ATP (eATP), ADP (eADP), and AMP
(eAMP) (2 µM each) were used as substrates. Reactions were
performed at 37°C either in the presence of bladder preparations
or in solutions collected from baths that previously contained
bladder preparations (called extraluminal solutions, ELS).
Following addition of substrate (0 min), 20 µl samples were
collected from the reaction solution at 10 s, 2, 4, 6, 8, 10, 20,
30, 40, and 60 min and diluted 10-fold in ice-cold citric phosphate
buffer (pH 4.0) to stop the enzymatic reactions. Collected samples
were compared with a 2 µM substrate in KBS that has not been in
contact with enzyme (designated as “beaker” sample). All samples
were stored at −20°C until final analysis. Substrate decrease and
product increase was evaluated by ultrasensitive HPLC-FLD
methodology as described in Section 2.8 HPLC analysis of
1,N6-etheno-nucleotides. Each e-purine was expressed as
percent of total purines detected in each sample. Only one
substrate was used in each bladder preparation.

2.4.2 Nucleotidase Activity in Lamina Propria in the
Presence of Bladder Preparation (Protocol 1)
Detrusor-free bladder preparations were placed in 3-ml water
jacketed chambers filled with KBS at 37°C, bubbled with 95% O2/
5% CO2. After equilibration for 20 min, KBS in the chamber was

TABLE 1 | Modified KBS solutions (mKBS) in which activities of released
eATPase(s) were assayed.

Ca2+ (1.8 mM) Mg2+ (1.2 mM) EGTA (5 mM) EDTA (5 mM)

KBS + + − −

mKBS-A + − − −

mKBS-B − + + −

mKBS-C − − + −

mKBS-D − + + +
mKBS-E − − + +

FIGURE 2 | were evaluated using HPLC. (D) Bladder was incubated with KBS. Then, an aliquot of ELS was concentrated as described in panel (C). Next, 2.9-ml of
modified KBS (mKBS) (Table 1) was added in the centrifugal unit with EL supernatant in KBS and centrifuged. Then, 2.9-ml of mKBS was added to the centrifugal unit
containing the EL supernatant in mKBS and centrifuged. The resulting supernatant was transferred to an Eppendorf tube and the volume of cELS was brought to 200 µl
with mKBS (37°C). Substrate was added to the Eppendorf tube and substrate decrease and product increase was measured by HPLC.
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replaced with fresh KBS and the bladder was either left empty
(nondistended condition) for the time equivalent to filling or
filled at 15 μl/min with KBS via an infusion pump (Kent
Scientific, Torrington, CT) to ~85–90% of bladder capacity
determined at time of dissection (distended condition). Such
filling volumes were similar to the volumes that were necessary to
generate pre-voiding intravesical pressure (Durnin et al., 2019b),
and were considered pre-voiding volumes. The degradation of

eATP, eADP or eAMP was evaluated in the chamber containing
2.5 ml substrate solution in contact with nondistended or
distended bladder preparations (Figure 2A, Protocol 1).

2.4.3 Soluble/Releasable Nucleotidase Activity in
Lamina Propria (Protocols 2 and 3)
Following equilibration, the KBS in the chamber containing a
bladder preparation was replaced with 3 ml of fresh KBS and the

FIGURE 3 | Hydrolysis of eATP, eADP, and eAMP in contact with the LP of nondistended and distended detrusor-free bladders. (A) Original chromatograms of
eATP in beaker (blue) and at 60 min of contact of eATP with the basolateral/anti-luminal side of nondistended (red) and distended (green) bladder preparations.
Note the greater decrease of eATP and greater increase in eADP, eAMP, and eADO in distended than in nondistended preparations. (B) Summarized data showing
the degradation of eATP in EL samples collected for 1 h after addition of eATP to ELS in the presence of bladder preparation (Protocol 1). eATP, eADP, eAMP,
and eADO are presented as percentages of total purines (eATP + eADP + eAMP + eADO) present in ELS samples from nondistended (dotted connecting lines) and
distended (solid connecting lines) preparations. (C) Original chromatograms of eADP in beaker (blue) and at 60 min of contact of eADP with the anti-luminal side of
nondistended (red) and distended (green) bladder preparations. The chromatograms demonstrate greater decrease of eADP and greater increase in eAMP and
eADO in distended than in nondistended preparations. (D) Summarized data showing the degradation of eADP in EL samples collected at different time points
during 1 h after addition of eADP to ELS in the presence of bladder preparation (Protocol 1). eADP, eAMP, and eADO are presented as percentages of total purines
(eADP + eAMP + eADO) present in ELS samples from nondistended (dotted connecting lines) and distended (solid connecting lines) preparations. (E) Original
chromatograms of eAMP in beaker (blue) and at 60 min of contact of eAMP with the anti-luminal side of nondistended (red) and distended (green) bladder
preparations. The chromatograms demonstrate similar decrease of eAMP and increase in eADO in distended and nondistended preparations. (F) Summarized
data showing the degradation of eAMP in EL samples collected during 1 h after addition of eAMP in ELS in the presence of bladder preparation. eAMP and eADO
are presented as percentages of total purines (eAMP + eADO) present in ELS samples from nondistended (dotted connecting lines) and distended (solid
connecting lines preparations). Statistical significance is described in main text Results.
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bladder was either left empty for the time equivalent to filling or
filled at 15 μl/min with KBS to pre-voiding volume. Then, 2.4 ml
of bathing solution (i.e., ELS) that was in contact with the bladder
preparation was transferred to an empty water-jacketed chamber
with an oxygen line. Substrate eATP, eADP or eAMP was added
to the transferred solution at a final concentration of 2 µM and its
degradation in the absence of tissue was evaluated for 1 h
(Figure 2B, Protocol 2).

In a separate set of experiments, 2.9-ml of ELS was collected
from nondistended or distended bladders and concentrated
using 4-ml Amicon Ultra centrifugal filter units with a 10 kDa
molecular weight cut-off pore size (Millipore Sigma,
Burlington, MA, United States). Samples were concentrated
by centrifugation at 4,000 × g for 25 min at 4°C using swing
bucket rotor (ThermoFisher Scientific SorvallST 40R,
Langenselbold, Germany). The concentrated EL solutions
(cELS) were brought to 200 µl with oxygenated KBS and
enzymatic reactions were performed at 37°C by adding
substrate eATP, eADP or eAMP to the cEL sample
(Figure 2C, Protocol 3).

2.4.4 Effects of Extracellular Ca2+ and Mg2+ on the
Enzymatic Activities of Soluble (Released)
Nucleotidases (Protocol 4)
Denuded bladder preparations were placed in water jacketed
chambers filled with oxygenated KBS at 37°C. Following the
equilibration, the KBS in the chamber was replaced with
fresh KBS and the bladder was either left nondistended for
the time equivalent to filling or it was filled (distended) at
15 μl/min with KBS to pre-voiding filling volume. This step
ensured that soluble enzymes, if available, were released in
regular KBS. Then, 2.9 ml of EL solution from nondistended
or distended preparation was concentrated to approximately
80 µl using Amicon Ultra centrifugal filter units (10 kDa
MWCO, 4-ml, and 25 min) as described in Section 2.4.3
Soluble/Releasable Nucleotidase Activity in Lamina Propria
(Protocol 3). In the next step, 2.9 ml of modified KBS
(mKBS) that lacked Ca2+ and/or Mg2+ in the absence or
presence of 5 mM EGTA and/or 5 mM EDTA (Table 1) was
added to the centrifugal filter unit with cELS in KBS and was
centrifuged at 4,000 × g for 15 min. To ensure complete
replacement with mKBS, another 2.9-ml of mKBS was added
to the centrifugal unit and concentrated at 4,000 × g for
25 min (Figure 2D, Protocol 4). The concentrated solutions
containing enzymes in mKBS were brought up to 200 µl with
mKBS and eATP substrate was added. eATP degradation was
examined in: 1) nominally Mg2+-free solution (mKBS-A), 2)
Ca2+-free KBS with 5 mM EGTA (mKBS-B), 3) Ca2+-free and
Mg2+-free KBS with 5 mM EGTA (mKBS-C), 4) Ca2+-free
KBS with 5 mM EGTA and 5 mM EDTA (mKBS-D), and 5)

FIGURE 4 | Degradation of eATP in the suburothelium evaluated by
microdialysis of the bladder wall. (A) Microdialysis probe implanted between
suburothelium/LP and detrusor muscle of nondistended (left panel) and
distended (right panel) mouse urinary bladder. m, microdialysis
membrane outlined with black dots; white arrows show the direction of
microdialysis perfusion. *, air bubbles inserted in bladder to show
transparency of the wall. (B) Original chromatograms of eATP substrate in
absence of tissue (beaker and blue) and in dialysate from nondistended
bladder (red). Addition of eATP in the solution perfusing the microdialysis
probe resulted in an eADP increase and the appearance of eAMP and eADO.

(Continued )

FIGURE 4 | (C) Summarized data showing formation of product (eADP +
eAMP + eADO) from eATP after microdialysis of nondistended and distended
bladder preparations with eATP. Data are presented as percentages of total
purines (eATP + eADP + eAMP + eADO) present in dialysate. *P < 0.05, ns,
non-significant difference.
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Ca2+-free and Mg2+-free KBS with EGTA and EDTA (5 mM
each) (mKBS-E) (Table 1). Time-courses of enzymatic
reactions following addition of eATP to reaction solutions
were performed as described in Section 2.4.1 General
Protocol of Enzymatic Reactions. The hydrolysis of eATP
in mKBS was compared with eATP hydrolysis in regular KBS
processed in the same manner as concentrated mKBS. In
some experiments, the hydrolysis of eADP was evaluated in
mKBS that lacked Mg2+ (mKBS-A) or Ca2+ (mKBS-B and

mKBS-E) and was compared with the eADP hydrolysis in
regular KBS.

2.5 Pharmacological Characterization of
Nucleotidase Activities
To assess the effects of nucleotidase inhibitors, enzymatic
reactions were conducted as described in Section 2.4 Evaluation
of Nucleotidase Activities in Suburothelium/Lamina Propria of

FIGURE 5 | Degradation of eATP and eADP by soluble enzymes released in the LP at rest and during bladder filling. (A) Summarized data showing the degradation of
eATP in diluted (i.e., 2.5-ml) EL samples collected at different time points during 1 h after addition of eATP in the absence of bladder preparation (Protocol 2). eATP, eADP,
eAMP, and eADO are presented as percentages of total purines (eATP + eADP+ eAMP+ eADO) present in EL solution samples from nondistended (dotted connecting lines)
and distended (solid connecting lines) preparations. (B)Summarized data showing the degradation of eADP in diluted (i.e., 2.5-ml) EL samples collected at different time
points during 1 h after addition of eADP in the absence of bladder preparation (Protocol 2). eADP, eAMP, and eADO are presented as percentages of total purines (eADP +
eAMP + eADO) present in EL solution samples from nondistended (dotted connecting lines) and distended (solid connecting lines) preparations. (C)Original chromatograms
of eATP in beaker (blue) and at 60 min of addition of eATP to concentrated EL samples (Protocol 3) collected from nondistended (red) and distended (green) bladder
preparations. The chromatograms demonstrate greater decrease of eATP and increase in eADP, eAMP, and eADO in EL solutions from distended than from nondistended
preparations. (D)Original chromatograms of eADP in beaker (blue) and at 60 min of addition of eADP to concentrated EL samples (Protocol 3) collected from nondistended
(red) and distended (green) bladder preparations. The chromatograms demonstrate greater decrease of eADP and increase in eAMP and eADO in EL solutions from
distended than from nondistended preparations. (E) Summarized data showing the degradation of eATP in EL samples collected at different time points during 1 h after
addition of eATP in concentrated EL samples collected from nondistended (dotted connecting lines) and distended (solid connecting lines) (Protocol 3). eATP, eADP, eAMP,
and eADO are presented as percentages of total purines (eATP + eADP + eAMP + eADO) present in the EL solution samples. (F) Summarized data showing the degradation
of eADP in EL samples collected at different time points during 1 h after addition of eADP in concentrated EL samples collected from nondistended (dotted connecting lines)
and distended (solid connecting lines) preparations (Protocol 3). eADP, eAMP, and eADOare presented aspercentages of total purines (eADP+ eAMP+ eADO) present in the
EL solution samples. Statistical significance is described in main text Results.
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Detrusor-Free Bladder Preparations either in the presence of
vehicle (KBS or DMSO 0.1% in KBS) or of the following
nucleotidase inhibitors: ARL67156 (100 µM in KBS; non-
specific ENTPDase inhibitor), POM-1 (100 µM in KBS;
non-specific ENTPDase inhibitor), ENPP1 Inhibitor C
(50 µM in DMSO 0.1%), PSB06126 (10 µM in DMSO 0.1%;
ENTPD3 inhibitor), and (-)-p-bromotetramisole oxalate (L-p-
BT) (100 µM in DMSO 0.1%; TNAP inhibitor). Bladder
preparations were incubated with the inhibitors throughout

dissection, equilibration, nondistended and distended
conditions and during the time-course reactions.

2.6 Ex vivo Microdialysis of Bladder
Suburothelium
Ex vivo bladder preparations with intact detrusor smooth muscle
were placed in a dissecting dish with oxygenated KBS and pinned
by the serosa to the bottom of the dish. A PE-20 catheter was

FIGURE 6 | Effects of extracellular Ca2+ andMg2+ on activities of released ATPases and ADPases. (A–D) eATP hydrolysis by soluble enzymes in controls (KBS) and
mKBS: panel (A) shows the decrease of eATP and panels (B–D) show the increase in eADP, eAMP, and eADO formed from eATP, respectively. (E–G) eADP hydrolysis
by soluble enzymes in control (KBS) and mKBS: panel (E) shows eADP decrease and panels (F,G) show the increase in eAMP and eADO formed from eADP. KBS
contains normal Ca2+ (1.8 mM) and Mg2+ (1.2 mM). mKBS-A contains normal Ca2+ (1.8 mM) and no Mg2+ (0 mM); mKBS-B contains 0 mM Ca2+, normal Mg2+

(1.2 mM), and EGTA (5 mM); mKBS-C contains 0 mM Ca2+, 0 mM Mg2+, and EGTA (5 mM); mKBS-D contains 0 mM Ca2+, normal Mg2+ (1.2 mM), EGTA (5 mM), and
EDTA (5 mM); mKBS-E contains 0 mM Ca2+, 0 mM Mg2+, EGTA (5 mM), and EDTA (5 mM). Asterisks denote significant difference from controls (KBS). *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.
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placed through the urethra into the bladder lumen as described
in Section 2.3 Ex vivo Detrusor-Free Bladder Preparation. A
linear probe for microdialysis (MD) with 2-mm dialysis
membrane (CMA 30, Harvard Apparatus, Holliston, MA,
United States or OP-X-Y, Amuza Inc., San Diego, CA,
United States) was carefully implanted between the bladder
mucosa and the detrusor (Figure 4A). The bladder preparation
was then moved from the dissecting dish to a water-jacketed
chamber filled with oxygenated KBS (pH 7.4 and 37°C). A
syringe pump (Kent Scientific, Torrington, CT) was used to
fill the bladder with oxygenated KBS through the intraluminal
catheter. A second syringe pump was used to perfuse the MD
probe with substrate solution. The MD probe was first perfused
with KBS at 1 μl/min for 1 h to condition the probe, while the

bladder preparation was kept empty. Equilibration was followed
by perfusion of the MD probe at 1 μl/min with KBS containing
2 µM eATP. Dialysates were collected for 35 min while the
bladder was either empty or was filled with KBS at 15 μl/min
to a pre-voiding volume determined at time of dissection. After
collecting each sample in ice-cold Eppendorf tube, citric buffer
(pH 4.0) was added to the dialysate to preserve the purines in
the collected sample. The samples were then processed for
detection of eATP decrease and e-product increase by
HPLC-FLD technique as described in HPLC analysis of 1,N6-
etheno-nucleotides. The location of the MD probe between
detrusor and mucosa was verified at the end of each experiment.
E-purines were expressed as percent of total purines detected in
each sample.

FIGURE 7 | Effects of ARL67156 and POM-1 on hydrolysis of eATP by soluble enzymes in LP. (A–D) eATP in the presence of vehicle (KBS) or ARL67156 (100 µM)
or POM-1 (100 µM). (E–G) eADP hydrolysis by soluble enzymes in the presence of vehicle (KBS) or ARL67156 (100 µM). Asterisks denote significant difference from
vehicle controls. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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2.7 Preparation of 1,N6-Etheno-Nucleotides
1,N6-etheno-ATP (eATP), 1,N6-etheno-ADP (eADP), 1,N6-
etheno-AMP (eAMP), and 1,N6-etheno-adenosine (eADO)
were prepared according to a modified method of Levitt et al.,
1984. Briefly, 180 µl of a citrate phosphate buffer (pH 4.0)
containing 62 parts 0.1 M citric acid and 38 parts 0.2 M
Na2HPO4, was added to 150 µl of 200 µM authentic purine
(i.e., ATP, ADP, or AMP) in an Eppendorf tube. 2-
Chloroacetaldehyde was synthesized according to a modified
method of Levitt et al., 1984: equal amounts of 10-fold diluted
H2SO4 in distilled H2O and chloroacetaldehyde dimethyl acetal
were added to a round bottom boiling flask. The mixture was
distilled slowly under a fume hood and the distillate fraction
containing approximately 1.0 M 2-chloroacetaldehyde was
collected at 79–82°C. The reagent was stored at −20°C when
not in use. Twenty µl 2-chloroacetaldehyde was added to the
Eppendorf tube containing the mixture of authentic purine and
citric buffer in a fume hood and then heated for 40 min at 80°C in
a dry bath incubator (Fisher Scientific, United States) to produce
1,N6-etheno-purine substrates and 1,N6-etheno-purine standards
(Bobalova et al., 2002).

2.8 HPLC Analysis of
1,N6-Etheno-Nucleotides
A reverse phased gradient Agilent 1,200 liquid chromatography
system equipped with a fluorescence detector (FLD) (Agilent
Technologies, Wilmington, DE, United States) was used to detect
1,N6-etheno-purines as described previously (Durnin et al., 2016;
Durnin et al., 2019b). Briefly, the stationary phase consisted of a
25-cm by 4.5-mm (5 µm) silica reversed phase ODS-AM (C18)
column and a matching direct-connect guard column (YMC
America, Inc., Devens, MA, United States). Gradient elution
with 0.1 M KH2PO4 (pH 6.0) and increasing methanol (0–35%
over 18 min) was employed. Column and autosampler
temperatures were maintained at 25 and 4°C, respectively.
Flow rate was 1 ml/min, run time was 20 min and post-run
time was 5 min 1,N6-etheno-derivatized purines were detected
by fluorescence at an excitation wavelength of 230 nm and
emission wavelength of 420 nm (Bobalova et al., 2002).
ChemStation (v. B04-03) software (Agilent Technologies) was
used to analyze areas under the peaks. The lower detection
sensitivity for 1,N6-etheno-derivatized purines was
approximately 10 fmol. 1,N6-etheno-derivatized purine
standards (0.05–5 pmol) were processed with every set of
samples.

2.9 Lactate Dehydrogenase Cell Toxicity
Assay
Lactate dehydrogenase (LDH) activity (a marker of cell
membrane integrity damage Radin et al., 2011) was measured
in cELS prepared as described in Section 2.4.3 Soluble/Releasable
Nucleotidase Activity in Lamina Propria (Protocol 3) from
distended detrusor-free or intact bladder preparations and
from detrusor-free preparations treated with 1% Triton X-100
for 30 min (to induce cell lysis). LDH activity was determined

using a colorimetric Lactate Dehydrogenase Assay Kit (Abcam,
United States, Cat# ab102526). Absorbance was measured in
50 µl samples at optical density of 450 nm in a kinetic mode
(every 3 min for 1 h) using Promega™ GloMax®-Multi Detection
System (Promega, Madison, WI, United States). LDH activity in
samples was compared with a NADH standard and the assay was
validated using a positive LDH control provided by the
manufacturer. LDH activity was calculated according to the
manufacturer instructions, reported in mU/ml and plotted as
mean ± SEM.

2.10 Automated Capillary Electrophoresis
and Immunodetection With Wes Simple
Western
For automated capillary electrophoresis and Western blotting
by Wes (ProteinSimple, San Jose, CA, United States), mouse
brain, urothelium tissue, and cELS were snap-frozen in liquid
N2, and stored at −80°C until processed (Li et al., 2018; Xie
et al., 2018). cELS samples were prepared as described in
Section 2.4.3 Soluble/Releasable Nucleotidase Activity in
Lamina Propria (Protocol 3). Urothelium and brain samples
were homogenized in ice-cold lysis buffer (mM: 50 Tris–HCl
pH 8.0, 60 β-glycerophosphate, 100 NaF, 2 EGTA, 25 sodium
pyrophosphate, 1 DTT, 0.5% NP-40, 0.2% sodium dodecyl
sulfate and protease inhibitors using a Bullet Blender) (one
stainless steel bead per tube, speed 6, 5 min) (Bhetwal et al.,
2011). The homogenates were then centrifuged at 16,000 × g,
for 10 min at 4°C, and the supernatants stored at −80°C. The
mouse brain homogenate was used as positive control. Protein
concentrations of the supernatants were determined by the
Bradford assay using bovine γ-globulin as standard. Protein
levels were analyzed according to the Wes User Guide using a
Wes Simple Western instrument from ProteinSimple (www.
proteinsimple.com). The samples were mixed with the 5X
Fluorescent Master Mix (containing 5X sample buffer, 5X
fluorescent standard, and 200 mM DTT) and heated at 95°C
for 5 min. The boiled samples, protein ladder, blocking buffer,
primary antibodies, ProteinSimple horseradish peroxidase-
conjugated anti-rabbit or anti-sheep (Invitrogen) secondary
antibodies, luminol-peroxide, and wash buffer were loaded
into the Wes plate (Wes 12–230 kDa Pre-filled Plates with Split
Buffer, ProteinSimple). The plates and capillary cartridges
were loaded into the Wes instrument, and protein
separation, antibody incubation, and imaging were
performed using default parameters. Compass software
(ProteinSimple) was used to acquire the data, and to
generate the virtual blot image reconstruction and
chemiluminescence signal intensity electropherograms. The
electropherogram shows the intensity detected along the
length of the capillaries, and shows automatically detected
peaks, that can be quantified by calculation of the area under
the curve (AUC). The lane view is a virtual blot generated by
the software from the actual data output, which takes the form
of chemiluminescence signals versus apparent MW. Protein
levels are expressed as the AUC of the peak
chemiluminescence intensity.
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2.10.1 Antibodies
The following primary antibodies were used for Wes analysis:
from Cell Signaling Technology, rabbit anti-ENTPD1, and
(E2X6B); rabbit anti-NT5E, (D7F9A); from ThermoFisher,
sheep anti-ENTPD2, and (PA5-47777); rabbit anti-ENTPD3,
(PA5-87888); rabbit anti-ENPP1, (PA5-17097); rabbit anti-
ENPP3, (PA5-67955); from EpiGentek, rabbit anti-ENTPD8,
and (A62482); from Abcam, rabbit anti-NT5C1A, and
(ab190214); and, from Novus Biologicals, rabbit anti-TNAP,
(SA40-00).

2.11 Drugs and Reagents
Adenosine, ATP, ADP, AMP, chloroacetaldehyde dimethyl
acetal, dimethyl sulfoxide (DMSO), and Triton X-100 (Sigma-
Aldrich, St. Louis, MO, United States), Ethylene glycol-bis(2-
aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA)
(ChemCruz Biomedicals, Dallas, TX, United States); N,N′-1,2-
Ethanediylbis [N-(carboxymethyl)]glycine (EDTA) (Invitrogen,
ThermoFisher Scientific), 6-[(3-aminophenyl)methyl]-N,N,5-
trimethyl-[1,2,4]triazolo [1,5-a]pyrimidin-7-amine (ENPP1
Inhibitor C) (Cayman Chemicals, Ann Arbor, MI), (-)-p-
bromotetramisole oxalate (L-p-BT) (MedChemExpress,
Monmouth Junction, NJ, United States); 6-N,N-Diethyl-

D-β,γ-dibromomethyleneATP trisodium salt (ARL67156),
sodium metatungstate (POM-1), and 1-Amino-4-(1-naphthyl)
aminoanthraquinone-2-sulfonic acid sodium salt (PSB06126)
(Bio-Techne Tocris, Minneapolis, MN)

2.12 Data Analysis
Data presented are means ± SEM. In some linear XY graphs, the
data points are so similar that the symbols from individual points
are superimposed. In some cases, the SEMs lie within the symbol.
Scattered plot analysis was performed when appropriate. Means
are compared by one-way ANOVA (Wes data) or two-way
ANOVA (substrate degradation) for comparison of more than
two groups followed by Dunnett’s, Tukey’s or Sidak’s multiple
comparisons tests per GraphPadPrism, v. 8.4.2., GraphPad
Software, Inc., San Diego, CA. A probability value less than
0.05 was considered statistically significant.

3 RESULTS

3.1 The Detrusor-Free Bladder Preparation
Does Not Display Abnormal Cell Damage of
the Anti-Luminal Surface
LDH is a cytoplasmic enzyme present in most cells that is
released upon damage of the cytoplasmatic membrane. We
tested the LDH activity in cELS collected from detrusor-free
preparations and from preparations with intact bladder walls
as commonly used in bladder research. We compared the cell
damage (measured as LDH activity) of the two types of
preparations with cELS collected from detrusor-free
bladders that were treated with Triton-X to induce a
significant cell damage. The LDH activity was 186.39 ±
41.88 mU/ml in samples from Triton-X-treated

preparations and 12.92 ± 2.69 and 50.53 ± 10.9 mU/ml in
samples from distended detrusor-free and intact preparations,
respectively (n = 4 and P = 0.9638). The LDH activity was
7.04 ± 0.47% and 30.97 ± 10.95% in cELS of detrusor-free and
intact preparations (p > 0.05) when compared with the LDH
activity in Triton-X treated samples taken as 100%. This data
suggests that the detrusor-free bladder preparation does not
display greater cell damage than effects that normally occur in
commonly-used ex vivo bladder dissection.

3.2 The degradation of eATP and eADP in
the Lamina Propria of filled bladders
exceeds the degradation of eATP and eADP
in the Lamina Propria of empty bladders
3.2.1 Protocol 1
To determine the degradation of eATP, eADP, and eAMP in
contact with the LP, each substrate was added to the bath
containing nondistended or distended detrusor-free bladder
preparation. As shown in Figure 3, each substrate was
progressively reduced and the corresponding products were
progressively increased during the contact of substrate and
bladder preparations (n = 5 in each group). In nondistended
preparations, eATP comprised 94.19 ± 1.13% of total purines in
beaker (0 min) and reached 45.39 ± 3.33% at 60 min (p < 0.0001)
of reaction. In distended preparations, a significant decrease of
eATP was observed at earlier time points than in nondistended
preparations: eATP was reduced from 94.39 ± 0.9% of total
purines in beaker to 14.55 ± 2.87% at 60 min (p < 0.0001) of
reaction, 2wayANOVA with Dunnett’s multiple comparisons
test. The eATP decrease in nondistended preparations reached
statistical significance at 8 min, whereas in distended
preparations the decrease of eATP was statistically significant
at 2 min of reaction (p < 0.05). The eATP decrease was
significantly greater in distended than in nondistended
preparations for the entire time of reaction starting at 4 min
(P = 0.0170), 2way ANOVA Sidak’s multiple comparisons test.
The increase of the eATP products eADP, eAMP, and eADO was
also greater in distended than in nondistended preparations.
Thus, at 60 min of reaction, eADP was 23.54 ± 2.29% and
31.23 ± 2.03% (P = 0.0637); eAMP was 13.56 ± 0.98% and
25.31 ± 1.27% (p < 0.0001), and eADO was 17.5 ± 1.28% and
28.9 ± 4.09% (p < 0.0001) in nondistended and distended
preparations, respectively; 2way ANOVA Sidak’s multiple
comparisons test.

Similar results were obtained with eADP as substrate (Figures
3C,D). eADP was decreased from 87.57 ± 1.14% in beaker to
47.7 ± 6.02% at 60 min (p < 0.0001) of reaction in nondistended
preparations and from 87.56 ± 1.14% in beaker to 25.86 ± 4.4% at
60 min (p < 0.0001) of reaction in distended preparations, 2way
ANOVA, Tukey multiple comparisons test. The eADP decrease
was statistically significant at 10 min and at 30 min of reaction in
distended and non-distended preparations, respectively (p < 0.05
vs. 0 min). The eADP decrease was greater in distended than in
nondistended preparations during the enzymatic reaction
starting at 6 min (P = 0.0153), n = 4 in each group, 2way
ANOVA with Sidak’s multiple comparisons test. The increase

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 91810011

Aresta Branco et al. Mechanosensitive Degradation of Bladder Purines

65

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


of the eADP products eAMP and eADO was also greater in
distended than in nondistended preparations. Thus, at 60min
of reaction, eAMP was 22.18 ± 1.29% and 33.79 ± 2.05% in
nondistended and distended preparations, respectively (p <
0.0001) whereas eADO was 30.12 ± 5.19% and 40.35 ± 5.93%
in nondistended and distended bladders, respectively (P = 0.0277).

The eAMP substrate (Figures 3E,F) was decreased from
99.78 ± 0.07% in beaker to 64.71 ± 4.17% and 59.45 ± 2.32%
at 60min of reaction in nondistended and distended preparations
respectively, n= 4 in each group, p< 0.0001 vs. 0 min, 2wayANOVA
Tukey’s multiple comparisons test. No significant differences were
observed in eAMP decrease or eADO increase between
nondistended and distended preparations at all time points of
reaction (p > 0.05), 2way ANOVA Sidak’s multiple comparisons test.

3.3 Application of eATP in the
Suburothelium via Microdialysis Results in
eATP Hydrolysis
To determine whether eATP degradation occurs in the LP in the
presence of detrusor, we applied the eATP substrate (2 µM) in
the suburothelium using a MD probe inserted between
urothelium and detrusor and examined whether an eATP
decrease and product increase can be detected in dialysate
(Figure 4). eATP was decreased from 91.56 ± 0.18% of total
purines in beaker to 76.83 ± 4.84% (P = 0.0361) in dialysate from
nondistended preparations (n = 8). eADP was 8.085 ± 0.18%
and 12.87 ± 1.92% in beaker and dialysate, respectively (P =
0.0839) whereas eAMP was increased from 0.36 ± 0.002% in
beaker to 6.88 ± 2.34% in dialysate (P = 0.0478). eADO was also
significantly increased from 0% in beaker to 4.057 ± 0.596% of
total purines in dialysate from nondistended preparations (p <
0.0005); one-way ANOVA with Dunnett’s multiple
comparisons test. We also measured the degradation of eATP
during microdialysis of a bladder that was filled with KBS at
15 μl/min. Similar to nondistended preparations, eATP
degradation was observed in dialysates from distended
preparations: thus, eATP was reduced to 77.58 ± 4.15% (P =
0.0237) and eADP, eAMP, and eADO were increased to 13.13 ±
1.65% (P = 0.0403), 6.66 ± 1.94% (0.0253), and 3.71 ± 0.41%
(<0.0001), respectively, of total purines in dialysates. The total
product formation in dialysate was significantly greater than the
total eATP product in beaker. There was no significant
difference in product formation in dialysates from
nondistended and distended preparations, p > 0.05
(Figure 4C), One-way ANOVA with Tuckey’s multiple
comparisons test. This data confirmed the key observation in
detrusor-free bladder preparations signifying that ATP is
hydrolyzed in the suburothelium to ADP, AMP, and ADO.

3.4 Enzymes That Hydrolyze eATP and
eADP are Released in the Lamina Propria in
a Stretch-Dependent Manner
3.4.1 Protocol 2
To determine whether soluble enzymes contribute to distention-
dependent hydrolysis of eATP and eADP in the LP, the substrate

was added to large-volume EL solutions that were transferred
from chambers containing nondistended or distended bladders to
empty chambers. The final volume of ELS plus substrate was
2.5 ml. Substrate decrease and product increase was measured for
1 h following addition of substrate. As shown in Figure 5A, eATP
was significantly decreased in solutions collected from distended
preparations, but not in solutions collected from nondistended
preparations (n = 12 in each group). Thus, at 60 min of reaction,
eATP was 93.63 ± 0.61% in beaker, 82.81 ± 1.93% in solutions
from nondistended preparations (P = 0.4125) and 58.29 ± 7.09%
in solutions from distended preparations (p < 0.0001), 2way
ANOVA with Tukey’s multiple comparisons test. The decrease of
eATP was greater in solutions from distended than from
nondistended preparations at 10–60 min (p < 0.05), 2way
ANOVA with Sidak’s multiple comparisons test. Likewise, the
formation of eADP at 6–60 min, of eAMP at 30–60 min, and of
eADO at 60 min was significantly greater (p < 0.05) in solutions
collected from distended than from nondistended detrusor-free
preparations.

When eADP was used as substrate in 2.5 ml ELS
(Figure 5B), a significant decrease of eADP from beaker
was observed at 40 min (P = 0.0406) and 60 min (P =
0.0044) of enzymatic reaction in ELS from distended but
not from nondistended preparations (n = 4, 2way ANOVA
with Tukey’s multiple comparisons test). The difference of
eADP decrease in ELS from nondistended and distended
bladders was significant at 40 min (P = 0.0486) and 60 min
(P = 0.0197) of reaction, 2way ANOVA with Sidak’s multiple
comparisons test.

3.4.2 Protocol 3
Prominent eATP or eADP substrate decrease and product
increase was revealed in 12.5-fold concentrated ELS (cELS)
from both nondistended and distended preparations (Figures
5C–F). In cELS from nondistended bladders (Figure 5E), a
significant decrease of eATP was observed in 8–60 min (p <
0.05) as compared with eATP in beaker. In cELS from
distended preparations, however, a significant decrease of
eATP (p < 0.05) was observed at all time points except at
10 s (n = 15, 2way ANOVA Tuckey multiple comparisons
tests). The decrease of eATP was significantly greater in cELS
from distended than from nondistended preparations at
4–60 min of reaction (p < 0.05), 2way ANOVA Sidak’s
multiple comparisons test. The formation of eADP and
eAMP from eATP was significantly greater in cELS from
distended than from nondistended preparations at 4–60 min
and 6–60 min, respectively (p < 0.05 and 2way ANOVA Sidak’s
multiple comparisons test). The increase in eADO was
significant at 30–60 min (p < 0.05) of reaction in cELS from
distended preparations, but it did not reach significance at all
time points in cELS from nondistended preparations, 2way
ANOVA Tukey’s multiple comparisons test (Figure 5E).

eADP was not significantly degraded in cELS from
nondistended preparations (Figures 5D,F). In cELS from
distended preparations, however, a significant decrease of
eADP was observed from 92.88 ± 0.62% in beaker to 62.7 ±
8.23% at 60 min of reaction (p < 0.0001), n = 4, 2way ANOVA,
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and Sidak’s multiple comparisons tests. The eADP decrease
was statistically significant at 20–60 min. Significant increase
of eAMP and eADO was observed at 6–60 min and 30–60 min,
respectively (p < 0.0001 at 60 min for both products), n = 4,
2way ANOVA Sidak’s multiple comparisons tests (Figure 5F).

3.5 Activities of Released Nucleotidases
Depend Differentially on Extracellular Ca2+

and Mg2+

3.5.1 Protocol 4
To determine how activities of enzymes released in the LP during
bladder distention depend on Ca2+ and Mg2+, we examined the
eATP and eADP hydrolysis in mKBS that contained soluble
enzymes but lacked Ca2+ or Mg2+, in the presence of EGTA
or EGTA + EDTA (Table 1). Replacement of regular KBS with
mKBS required additional centrifugation of ELS prior to
performing the enzymatic reactions. The control ELS (KBS)
subjected to additional centrifugations retained nucleotidase
activities as demonstrated by the substrate decrease and
product increase after addition of eATP or eADP (Figures 6A,B).

In control ELS (KBS) from distended preparations
(Figure 6A), the substrate eATP was decreased from 94.4 ±
0.24% in beaker to 52.44 ± 5.97% at 60 min (p < 0.0001) of
reaction (n = 9 and 2way ANOVA with Tukey’s, multiple
comparisons test). The decrease of eATP remained unchecked
in mKBS-A that contained normal Ca2+, but lacked Mg2+(n = 3)

(Figure 6A). However, in mKBS-B that contained normal Mg2+

but lacked Ca2+ (n = 5), the decrease of eATP was significantly
enhanced at 8–60 min of reaction when compared with KBS
controls (Figure 6A). Complete absence of Ca2+ in this solution
was ensured by addition of 5 mM EGTA that specifically chelates
Ca2+ (see Discussion). Removal of Mg2+ and Ca2+ in the presence
of EGTA (mKBS-C and n = 4) almost completely inhibited the
eATP decrease (Figure 6A). eATP hydrolysis was abolished in
mKBS to which the non-specific chelator EDTA (5 mM) was
added (e.g., mKBS-D and mKBS-E, each n = 3), Figure 6A.

The increase of eADP formed from eATP in mKBS followed
similar patterns: the eADP increase was not affected by
removal of Mg2+ alone, was enhanced in the absence of
Ca2+ plus EGTA, and was abolished in the absence of both
Ca2+ and Mg2+ and addition of EDTA (Figure 6B). The
increase of eAMP formed from eATP (Figure 6C) was
inhibited in the absence of both Ca2+ and Mg2+ in the
presence of EDTA and/or EGTA, but the eAMP increase
was not affected by the absence of either Ca2+ or Mg2+

alone. eADO formation (Figure 6D) reached statistically
significant values at 40 and 60 min of reaction. The eADO
increase was reduced at 60 min in the absence of Mg2+, but was
not changed in Ca2+-free solution with EGTA (mKBS-B). As
with the other e-products, the formation of eADO from eATP
was abolished when both Ca2+ and Mg2+ were removed or
EDTA was added (i.e., mKBS-C, mKBS-D, and mKBS-E)
(Figure 6D).

FIGURE 8 | Effects of PSB06126, ENPP1-Inh-C and L-p-bromotetramisole (L-p-BT) on hydrolysis of eATP by soluble enzymes in LP. (A–D) eATP hydrolysis by
soluble enzymes in the presence of vehicle (0.1% DMSO) or PSB06126 (10 µM), ENPP1-Inh-C (50 µM) or L-p-bromotetramisole (L-p-BT) (100 µM). Asterisks denote
significant difference of eATP decrease in the presence of ENPP1-Inh-C from vehicle controls. *p < 0.05, **p < 0.01, ****p < 0.0001. Open circles denote significant
difference of eATP decrease in the presence of PSB06126 and vehicle control (panel A). oP<0.05, ooP<0.01.
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When eADP was used as substrate, it did not decrease
significantly in EL solutions collected from nondistended
preparations (data not shown). However, in cELS from
distended preparations (KBS controls, n = 5, Figure 6E),
eADP decreased from 92.99 ± 0.78% in beaker to 72.34 ±
4.23% at 60 min (p < 0.0001) of reaction. The decrease of
eADP was accompanied with an increase of eAMP from
7.01 ± 0.78% in beaker to 20.99 ± 2.39% at 60 min (p <
0.0001) of reaction (Figure 6F). The formation of eADO from

eADP was significantly increased from 0 ± 0% in beaker to
6.67 ± 2.02% at 60 min (p < 0.0001) (Figure 6G). Similar to
the eATP substrate, removal of Mg2+ alone (mKBS-A) did not
affect significantly the degradation of eADP. In contrast to
eATP, however, removal of Ca2+ and addition of EGTA
(i.e., mKBS-B) significantly inhibited the decrease of eADP
substrate (Figure 6E). The formation of eAMP from eADP
appeared to be reduced in nominally Mg2+-free solution
(mKBS-A); however, this effect did not reach statistical

FIGURE 9 | Validation of anti-nucleotidase antibodies used for enzyme identification. ProteinSimpleWeswas used to specifically detect the indicated nucleotidases
in (A)mouse brain homogenates (positive controls) and in (B)mouse tissue homogenates in which the indicated nucleotidase has not been detected (negative controls).
Panel (Ba–Bi) show representative blot images (left) and immunoelectropherograms (right) of negative control tissue homogenates. Each antibody was tested in
duplicate. The antibodies, dilutions, corresponding amounts of homogenate per well, and expected molecular weight (from vendor) used were: rabbit anti-ENTPD1
(1:200, 15 μg, and 80 kDa), sheep anti-ENTPD2 (1:500, 7.5 µg, and 80 kDa); rabbit anti-ENTPD3 (1:500, 3.0 µg, and 80 kDa); rabbit anti-ENTPD8 (1:200, 15 μg, and
60 kDa); rabbit anti-ENPP1 (1:500, 15 μg, and 100 kDa); rabbit anti-ENPP3 (1:500, 15 μg, and 100 kDa); rabbit anti-NT5E (1:500, 15 μg, 7and 0 kDa); rabbit anti-TNAP
(1:200, 30 μg, and 60 kDa; rabbit anti-NT5C1A (1:100, 30 μg, and 40 kDa)).
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FIGURE 10 | Protein expression levels in urothelium homogenates
prepared from detrusor-free bladder preparations. Representative
immunoelectropherograms (duplicates) of nucleotidases detected in
urothelium using ProteinSimple Wes (A–J). Each antibody was diluted
100-fold and eachwell contained 6 µg of urothelium homogenate sample. The
antibodies used are described in Figure 9 and in main text Antibodies. (K)
Scatter plots of AUC of chemiluminescence (CL) signals normalized per µg
loaded urothelium sample. Each symbol represents a single loading from 5
urothelium samples, loaded in triplicates. Statistical significance is described
in main text Results.

FIGURE 11 | Protein expression levels in cELS collected from distended
detrusor-free bladder preparations. Representative
immunoelectropherograms (duplicates) of nucleotidases detected in cELS
using ProteinSimple Wes (A–J). Each antibody was diluted 100-fold and
each well contained 3 µl of cELS sample. The antibodies used are described in
Figure 9 and in main text Antibodies. (K) Scatter plots of AUC of
chemiluminescence (CL) signals normalized per µL loaded cELS sample. Each
symbol represents a single loading from 3 cELS samples, loaded in triplicates.
Statistical significance is described in main text Results.
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significance for the duration of 1 h. No formation of eAMP
from eADP was observed in Ca2+-free solutions containing
EGTA (Figure 6F). The formation of eADO from eADP was
decreased at 60 min of reaction in mKBS-A lacking Mg2+ and
in mKBS-B that lacked Ca2+ and contained EGTA
(Figure 6G).

3.6 Inhibitors of Membrane-Bound
Nucleotidases Impede the Hydrolysis of
eATP and eADP by Soluble Enzymes
Released in the Lamina Propria
3.6.1 Effects of ARL67156
ARL67156 is an ATP analog that was introduced as “an ATPase
inhibitor” in the 1990s (Crack et al., 1995). As shown in
Figure 7A, the degree of eATP decrease in cELS from
distended preparations was reduced by ARL67156 (100 µM).
The inhibition by ARL67156 was statistically significant at
30–60 min of reaction. At 60 min, eATP was 29.24 ± 6.107%
of total purines in controls (n = 9) and 46.87 ± 11.35% in the
presence of ARL67156 (n = 5), P = 0.0076. eADP increase was not
affected by ARL67156 at all time points of reaction (Figure 7B).
However, the increase of eAMP was significantly inhibited in the
presence of ARL67156 at 10–60 min of enzymatic reaction
(Figure 7C) and the increase in eADO was almost abolished
(Figure 7D). When eADP was used as substrate, ARL67156
almost abolished the decrease of eADP and the increase of
eAMP and eADO (Figures 7E–G).

3.6.2 Effects of POM-1
POM-1 is a polyoxometalate that inhibits ENTPDases (Muller
et al., 2006). As shown in Figure 7, the hydrolysis of eATP was
significantly inhibited by POM-1 (100 µM) since the decrease of
eATP at 6–60 min of reaction (Figure 7A) and the formation of
eADP, eAMP, and eADO (Figures 7B–D) were diminished in the
presence of POM-1. POM-1 appeared to have a greater effect on
the decrease of eATP than ARL67156 (Figure 7A); however, the
differences between the effects of the two drugs did not reach
statistical significance. The increase of eADP was diminished in
the presence of POM-1 but not in the presence of ARL-67156
(Figure 7B) whereas the formation of eAMP and eADO was
decreased by both POM-1 and ARL67156 (Figures 7C,D). These
data suggest that POM-1 and ARL67156 differ in inhibiting the
hydrolysis of eATP.

3.6.3 Effects of PSB06126
The ENTPD3 inhibitor PSB06126 (10 µM), significantly
diminished the decrease of eATP from 6 to 60 min of reaction
(Figure 8A), suggesting that a soluble form of ENTPD3 might be
released in the LP. The increase of eADP was diminished in the
earlier time points (e.g., 4–10 min) but not in the later time points
of reaction (Figure 8B). The presence of PSB06126 resulted in
less production of eAMP and eADO (Figures 8C,D).

3.6.4 Effects of ENPP1-Inhibitor-C
ENPP1 Inhibitor C diminished the decrease of eATP, did not
affect the increase of eADP, and significantly reduced the

formation of eAMP and eADO (Figure 8), suggesting that it
likely inhibited the direct hydrolysis of eATP to eAMP and
subsequently to eADO.

3.6.5 Effects of L-p-BT
The TNAP inhibitor L-p-BT had no significant effect on the
eATP decrease or the eADP, eAMP, and eADO increase
(Figure 8), suggesting that alkaline phosphatases that are
sensitive to this inhibitor do not play a significant role in
the degradation of eATP by soluble enzymes in the
bladder LP.

3.7 Soluble Enzymes in the Lamina Propria
are Similar to Known Membrane-Bound
Nucleotidases
Urothelium tissues and cELS collected from distended
preparations were investigated by Wes analysis for
expression of known membrane-bound nucleotidases that
use ATP or ADP as substrates (Figures 10, 11). The
antibodies used for identification of ENTPD1, ENTPD2,
ENTPD3, ENTPD8, ENPP1, ENPP3, NT5E, TNAP, and
NT5C1A were validated in mouse brain homogenates used
as positive controls (Figure 9A). In addition, each antibody
was tested in tissue homogenates in which the indicated
nucleotidase has not been detected per The Mouse Gene
Expression Database (http://www.informatics.jax.org/
expression.shtml) and The Human Protein Atlas (https://
www.proteinatlas.org). Thus, tissue homogenates from
skeletal muscle, liver, heart, and bronchus as well as from
brain of a Nt5e−/− mouse were used as negative controls for
antibody validation. No signals were detected in the negative
control tissue homogenates (Figure 9B) using the same
antibody dilutions and amounts of negative control tissue
homogenates that were used for the corresponding mouse
brain homogenate positive controls (Figure 9A). These
experiments validated that the signals from the urothelium
homogenates (Figure 10) and cEL samples (Figure 11) are due
to binding of the antibodies to their respective target antigens,
and not from non-specific antibody interactions, or false-
positives.

The following enzymes were detected in both urothelium
tissue homogenates (Figure 10) and cEL samples from
distended preparations (Figure 11): ENTPD1, ENTPD2,
ENTPD3, ENTPD8, ENPP1, ENPP3, NT5E, and TNAP.
Note that NT5C1A was not resolved in urothelium, and was
not detected in the EL samples, indicating that NT5C1A does
not contribute to the pool of released enzymes in the LP.
ENTPD1 was the main nucleotidase expressed in urothelium
and in cELS (p < 0.0001 from all other nucleotidases in each
sample kind) whereas ENTPD8 and TNAP were barely
detected in both types of samples. Importantly, the relative
expression of nucleotidases differed in urothelium and cELS.
In the urothelium, ENPP1 was the second highly expressed
protein and was significantly higher than ENTPD2 (P =
0.0003), ENTPD3 (p < 0.0001), ENPP3 (p < 0.0001), NT5E
(p < 0.0001), ENTPD8 (p < 0.0001), and TNAP (p < 0.0001),
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2way ANOVA with Tuckey multiple comparisons test
(Figure 10). In the cELS however, ENTPD3 was the second
highest protein expressed. The ENPP1 levels were significantly
lower than the levels of ENTPD3 (p < 0.0001), and did not
differ from ENTPD2 (P = 0.6412), ENTPD8 (P = 0.9639),
NT5E (P = 0.9431) or TNAP (P = 0.9657), 2way ANOVA with
Tuckey multiple comparisons test (Figure 11). In the
urothelium homogenates, the ENPP1 levels were higher
than the ENPP3 levels (p < 0.0001) (Figure 10) whereas in
the cELS, the ENPP1 levels were significantly lower than the
ENPP3 levels (P = 0.0006).

4 DISCUSSION

The present study reports two major findings: 1) distention of the
bladder wall during filling is associated with increased
metabolism of extracellular purine nucleotides in the LP, and
2) multiple soluble enzymes contribute to mechanosensitive
degradation of purines in the LP, in addition to membrane-
bound nucleotidases. To the best of our knowledge,
mechanosensitive degradation of extracellular mediators has
not been reported previously. Such mechanisms in the LP
likely contribute to guaranteeing a proper ratio of excitatory-
to-inhibitory purine mediators deep in the bladder wall that is
necessary to maintain adequate bladder excitability during
bladder filling.

During filling, the volume of the urine increases dramatically
while the intravesical pressure increases modestly until a point is
reached where pressure rises precipitously and voiding occurs.
There is no definite explanation of how the urothelium
communicates with other cells in the bladder wall to maintain
continence or initiate voiding. As discussed in Introduction,
based on numerous observations in bladder mucosa sheets,
cultured urothelial cells, or in the bladder lumen, a prominent
role for urothelial ATP has been proposed in bladder
mechanosensation, and mechanotransduction. However, there
is still incomplete understanding of the physiological roles of ATP
released from the bladder mucosa at low and high intravesical
volumes and pressures (Mutafova-Yambolieva and Durnin, 2014;
Takezawa et al., 2016b; Dalghi et al., 2020). Studies have suggested
that afferent neuron activity and the micturition reflex are
attenuated in bladders of mice lacking P2X2, P2X3, and P2X2,3

purinergic receptors (Cockayne et al., 2000; Vlaskovska et al.,
2001). Recent studies using newer technologies, however,
demonstrated unaltered micturition reflex in P2rx2−/− and
P2rx3−/− mice, calling into question the roles of ATP and
P2X2/3 receptors in the normal micturition reflex (Takezawa
et al., 2016a). It is generally assumed that ATP is released
from urothelial cells in response to elevated hydrostatic
pressure (Ferguson et al., 1997; Dunton et al., 2018). Some
reports, however, have argued that stretch and not hydrostatic
pressure induces release of ATP from the bladder mucosa (Yu,
2015). Importance of extracellular purinergic signaling in bladder
physiology and pathophysiology is widely acknowledged (Merrill
et al., 2016; Andersson et al., 2018). Therefore, controversies in
the field require further studies to elucidate the role of ATP and

other purines in the regulation of bladder excitability during
authentic bladder filling.

In the present study, we used a bladder preparation devoid of
the detrusor smooth muscle layer to obtain direct access to the LP
surface. We demonstrated previously that the volume-pressure
relationships of bladder preparations with and without the
detrusor layer of muscle were similar (Durnin et al., 2019b),
suggesting that the model is suitable for studying mechanisms
during authentic bladder filling. We demonstrated that the LP
layer of the preparation is preserved when the detrusor layer is
carefully removed by cutting (not “peeling”) it away from the
urothelium (Durnin et al., 2019b). The model was instrumental in
confirming that ATP is released in the anti-luminal side of the
urothelium at rest and during bladder filling and in suggesting
that observations made at the luminal side of bladder mucosa do
not reflect faithfully mechanisms in the LP. A surprising finding
of the study was that the distribution of adenine purines in the LP
at the end of bladder filling was ADO >>AMP >ADP >>ATP so
that ATP represented only 5% of the total purines (Durnin et al.,
2019b). It is logical to assume that this distribution of purines is
primarily determined by sequential hydrolysis of ATP that was
released at the LP during bladder filling. Since ATP release on the
anti-luminal side of the urothelium is assumed to be caused by
mechanical stretch, the goal of the present study was to determine
whether the ATP degradation in the LP also changes with
distention/stretch of the bladder wall during filling. Thus, we
centered the study on metabolism of ATP in the LP of
nondistended and distended denuded bladder preparations.

As in previous studies (Todorov et al., 1997; Durnin et al.,
2012), we used 1,N6-etheno-derivatives of ATP, ADP, and AMP
as substrates. The enzymatic activities were evaluated by
measuring the decrease of substrates and the increase of
products in the LP of nondistended and distended
preparations. Use of etheno-purines instead of authentic
purines as substrates provides a number of advantages: 1)
ecto-nucleotidases process 1,N6-etheno-bridged purine
nucleotides similarly to their endogenous counterparts
(Jackson et al., 2020b), 2) the sensitivity of detection of
etheno-nucleotides and nucleosides is 1,000,000-fold greater
than the sensitivity of most detection methods for authentic
purine nucleotides (Bobalova et al., 2002); this allows detection
of small changes in substrate and product concentrations; 3)
unlike authentic AMP and ADO, eAMP, and eADO cannot be
diverted to other metabolic pathways via deamination because
the etheno bridge blocks the N6 nitrogen in the AMP and ADO
molecules; this simplifies to some extent data interpretation; and
4) possible release of endogenous adenine purines remains
undetected since the samples that were in contact with tissue
do not undergo further etheno-derivatization. To examine the
degradation of purine substrates at physiological levels, we chose
a concentration (i.e., 2 µM) that is analogous to the concentration
of purines previously determined in the same bladder model and
with the same detection methodology (Durnin et al., 2019b).
Monitoring the enzymatic activities for 1 hour following addition
of substrate to the chamber with the bladder preparation seemed
to be physiologically relevant as normal mice void on average
3–4 times within a 4-h period (Chen et al., 2017; Marshall et al.,
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2020). As anticipated, eATP was degraded to eADP, eAMP, and
eADO in contact with the LP of nondistended detrusor-free
bladder preparations so that eATP was diminished by 50% 1 h
after initiation of reaction. A surprising observation was that
eATP was decreased significantly more (by about 80%) in
distended preparations for the same time period (i.e., 1 h) after
initiation of the enzymatic reaction. This is a particularly
intriguing observation, suggesting that during distention of LP
caused by bladder filling, the degradation of ATP to ADP, AMP,
and ADO is significantly enhanced. Similarly, the degradation of
eADP in the LP of distended preparations exceeded the
degradation of eADP in nondistended preparations.
Interestingly, the degradation of eAMP in the LP was similar
in distended and nondistended preparations. These data suggest
that nucleotidases with different sensitivities to stretch appear to
be present in the LP. The relative extent of substrate catabolism in
the course of 1 h was eATP > eADP > eAMP.

We next asked whether eATP hydrolysis occurs in the
suburothelium in the presence of detrusor. Microdialysis has
been instrumental in examining release of small-molecule
substances in the interstitial space of brain, skeletal muscle,
liver, kidney, adipose tissue, and skin (Thompson and
Shippenberg, 2001; La Favor and Burnett, 2016; Jackson et al.,
2020b), but has not been utilized in studies of the bladder wall. In
proof-of-principle experiments, we applied eATP via aMD probe
inserted between the urothelium and the detrusor of ex vivo
bladder preparations. Despite the extremely limited surface of the
microdialysis membrane (~0.6 mm2), the very low internal
volume of the MD probe at the membrane (~0.1 µl), and the
short contact of the eATP substrate with LP (~6 s), eATP
produced eADP, eAMP, and eADO when perfused through
the MD probe. Because the eATP breakdown occurred in such
a small fraction of the LP for such a short contact between
substrate and enzymes, distention-dependent eATP hydrolysis
could not be revealed in these experiments. Importantly,
however, this study provided affirmation that eATP can be
degraded in the suburothelium and that results obtained in
detrusor-free preparations can be extrapolated to the
multilayer bladder wall.

Enhanced ATP degradation during filling explains why
ATP represents such a small portion of the total purine
pool in the LP at the end of bladder filling (Durnin et al.,
2019a). However, this observation is at odds with the idea that
the concentration of ATP that is released from the urothelium
into the LP must reach maximum levels at the end of bladder
filling to activate afferent neurons in the LP and trigger the
micturition reflex (Burnstock, 2014). Factors other than ATP
may be more important for initiation of voiding at the end of
bladder filling. Moreover, accumulated ADO in the LP at end
of filling might be necessary for optimal bladder excitability
and can prevent overactivation of afferent neurons and other
neighboring types of cells by ATP, including detrusor smooth
muscle cells.

Several mechanisms could underlie increased degradation of
purines in preparations that were distended by filling with
physiological solution. One possibility is that biaxial stretch of
the urothelium during bladder filling is accompanied by increase

of surface area, which results in better access of substrate to
membrane-bound enzymes. Another possibility is that stretch of
cells in the urothelium transduce the mechanical signal into a
cascade of biochemical signals resulting in actin cytoskeleton
rearrangement, which in turn alters cell shape and plasma
membrane assembling (Kessels and Qualmann, 2021).
Although future studies are warranted to define such
mechanisms, they could not explain straightforwardly the
substrate specificity we observed. A third possibility is that
increased degradation of purines during stretch is due to
additional involvement of soluble enzymes that are released
from the anti-luminal surface of the urothelium into the LP.
Indeed, we found that eATP and eADP were hydrolyzed to their
products when added to solutions that were previously in contact
with the LP of denuded bladders. Once again, the degradation of
purine substrates in ELS from distended preparations exceeded
the degradation of purines in ELS from nondistended
preparations. We concluded, therefore, that spontaneous and
distention-induced release of nucleotidases occur in the LP.
Such soluble nucleotidases, in addition to membrane-bound
enzymes, likely control the ultimate availability of bioactive
purine mediators in the vicinity of specific purinergic
receptors in the LP during bladder filling.

Four major enzyme families are involved in extracellular
purine metabolism: 1) the ENTPD family (EC 3.6.1.5), 2) the
ENPP family (EC 3.6.1.9; EC 3.1.4.1), 3) Ecto-5-nucleotidase
NT5E/CD73 (EC 3.1.3.5), and 4) Alkaline phosphatases (EC
3.1.3.1). (Zimmermann et al., 2012; Yegutkin, 2014).
ENTPD1,2,3, and 8 are cell surface-located enzymes that
hydrolase preferentially extracellular ATP and ADP whereas
ENTPD4–7 are localized in intracellular organelles and have
low affinity for ATP (Zimmermann et al., 2012). Of the ENPP
family, ENPP1 displays highly efficient ATP hydrolysis to
generate AMP and inorganic pyrophosphate PPi. ENPP3
also hydrolases ATP, but to a lesser degree than ENPP1.
ENPP4 has been shown to degrade ATP in vitro, but the
ATP hydrolysis rate by ENPP4 is negligible compared to
that of ENPP1 (Borza et al., 2021). Purine nucleotides are
not preferred substrates for ENPP2,5,6, and 7 as these enzymes
have evolved as phospholipases with phosphodiesterase
activities (Borza et al., 2021). Mammalian alkaline
phosphatases (ALPLs) are expressed ubiquitously in
multiple tissues, display broad substrate specificity and can
hydrolyze ATP, ADP, AMP, and PPi among other substrates
(Zimmermann, 2006). In fact, ALPLs are the only ecto-
nucleotidases that can sequentially dephosphorylate
nucleoside triphosphates to the nucleoside. Three isozymes
are tissue specific with highly restricted expression to the
placenta, germ cells, and intestines, while the fourth
isozyme, tissue non-specific alkaline phosphatase (TNAP) is
present in numerous tissues, including the kidney, liver, bones, and
the central nervous system (Sebastián-Serrano et al., 2014). It is
presently unknown whether TNAP plays a role in establishing the
ATP/ADO ratio in the bladder wall. NT5E/CD73 is another integral
component of the purinergic system. NT5E/CD73 is a ubiquitously
expressed glycosylphosphatidylinositol-anchored glycoprotein (GPI-
AP) that catalyzes the last step in the extracellularmetabolism of ATP

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 91810018

Aresta Branco et al. Mechanosensitive Degradation of Bladder Purines

72

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


to form ADO. Members of the ENTPD and ENPP families generate
AMP fromATP andADP. Subsequent hydrolysis of AMP to ADO is
primarily, but not exclusively, carried out by NT5E/CD73 (Alcedo
et al., 2021). In summary, current knowledge about membrane-
bound nucleotidases suggests that ENTPD1,2,3, and 8, ENPP1 and 3,
NT5E/CD73, and ALPL/TNAP are of most significance to the
extracellular hydrolysis of ATP and ADP.

The information about distribution, localization and function
of nucleotidases in the non-disease bladder is rather limited.
Immunohistochemistry studies of the mouse urinary bladder (Yu
et al., 2011; Babou Kammoe et al., 2021) reported that ENTPD1
was expressed primarily on the surface of detrusor smoothmuscle
cells and in the LP, ENTPD2 was localized between smooth
muscle bundles and in the LP, ENTPD3 and 8 were localized in
the urothelium and were not resolved in the detrusor layer. NT5E
was found localized in detrusor (Yu et al., 2011; Babou Kammoe
et al., 2021) and to a lesser degree in the LP (Babou Kammoe et al.,
2021). In another immunohistochemistry study, ENTPD3 and
ALPL appeared to be localized on basal and intermediate cells of
the urothelium but not on umbrella cells (Yu, 2015), suggesting
asymmetrical distribution of nucleotidases through layers of the
bladder mucosa. The impact of these enzymes on bladder
excitability could be profound as they have the potential to
inactivate agonists of P2X and P2Y purinergic receptors and
to produce ADO as an agonist of the four ADO receptors. In
addition, production of the nucleoside ADO secures purine
salvage through cellular reuptake of the nucleoside via
equilibrative nucleoside transporters and re-phosphorylation to
AMP inside the cell.

Members of the nucleotidase families demonstrate relative
substrate specificity for adenine purines. ENTPD1, 3, and 8
hydrolyze both ATP and ADP; however, the hydrolysis of
ATP is more rapid than the hydrolysis of ADP. ENTPD1
hydrolyzes ATP directly to AMP with minimal formation of
ADP as an intermediate product (Kukulski et al., 2005; Knowles,
2011). The appearance of ADP could be demonstrated upon
hydrolysis of ATP by ENTPD3 and 8 (Kukulski et al., 2005).
ENTPD2 hydrolyses primarily ATP to ADP, but it does not
hydrolyze ADP causing considerable accumulation of ADP
before it is further hydrolyzed to AMP (Zimmermann et al.,
2012). ENPP1 preferentially hydrolyses ATP, but it also
hydrolyses other nucleotides including ADP (Kumar and
Lowery, 2021). As aforementioned, NT5E is the main enzyme
that converts AMP into ADO. Importantly, ATP and ADP are
competitive inhibitors of mammalian NT5E with Ki values in the
low micromolar range (Sträter, 2006). As a result, when cells
release ATP or ADP, NT5E is inhibited until ATP and ADP are
mostly metabolized to AMP (Zimmermann et al., 2012). This
“feed-forward” inhibition could explain the delayed formation of
eADO from eATP or eADP in the present study. Likewise,
accumulation of ATP and ADP in the presence of ENTPD
inhibitors would diminish the ADO production due to
inhibited breakdown of AMP by NT5E. Since TNAP can
metabolize ATP all the way to ADO, this enzyme may provide
an alternative pathway for ADO production, if present.

While membrane-bound forms of nucleotidases have been
studied extensively, soluble forms of nucleotidases have received

rather little attention. Some amounts of ENTPDs, ENPPs, CD73,
and alkaline phosphatase appear to constitutively circulate in
human bloodstream and their levels increase in disease states
such as inflammation and cancer (Yegutkin et al., 2007;
Zimmermann et al., 2012; Borza et al., 2021). Neuronal release
of nucleotidases has been suggested as a mechanism for
neurotransmitter inactivation (Todorov et al., 1997). In any
event, soluble forms considerably broaden the reach of the
enzymes by diffusion within a tissue or by their distribution
within tissue fluids. To the best of our knowledge, no data are yet
available on regulation of bladder excitability by enzymes that are
released from the urothelium in the course of bladder filling. One
hour after initiation of reaction in large-volume ELS (i.e., 2.5-ml)
removed from the tissue bath, eATP was diminished by 20 and
40% in nondistended and distended preparations, respectively,
suggesting that eATP-degrading enzymes were released in a
stretch dependent manner. Under the same experimental
conditions, only 10%–15% of eADP was degraded by released
enzymes. The action of released enzymes was significantly
underestimated in these studies, because the reactions were
carried out in a 500-fold higher volume than the volume of
LP which is about 50 µm thick in the mouse bladder (Winder
et al., 2014). In 12.5-fold concentrated ELS, eATP was reduced by
~50 and ~80% in nondistended and distended preparations,
respectively. The eADP substrate decreased by ~10 and ~30%
in cELS from nondistended and distended bladders, respectively.
Clearly, distention of the urothelium and suburothelium/LP is
associated with greater catabolism of ATP and ADP by soluble
nucleotidases that are released in the LP during bladder filling.

All plasma membrane nucleotidases require millimolar
concentrations of divalent cations Mg2+ and Ca2+ for maximal
activity (Kukulski et al., 2005; Zimmermann et al., 2012). As part
of the general characterization of released enzymes, we evaluated
the relative importance of the two cations for the activity of
released enzymes. According to MAXCHELATOR [WEBMAXC
EXTENDED (ucdavis.edu)] (Bers et al., 2010), 5 mM EGTA
chelates ~99.99% of Ca2+ and only ~8% of Mg2+ in regular
KBS (pH 7.4, 37°C) whereas in the absence of Ca2+, ~12% of
Mg2+ is chelated by 5 mM EGTA. In contrast, 5 mM EDTA
chelates ~99.99% of both cations under the same conditions. We
took advantage of the different chelating properties of EGTA and
EDTA and measured the degradation of eATP and eADP in
solutions that contained released enzymes but lacked Ca2+ and/or
Mg2+ with or without addition of EGTA or EDTA. As anticipated,
removal of both Ca2+ and Mg2+ abolished the hydrolysis of eATP
and eADP, indicating that Ca2+ and Mg2+ are crucial for optimal
activities of soluble “ATPases” and “ADPases” in the LP. The
presence of Ca2+ alone or Mg2+ alone appeared to be sufficient for
the ability of soluble “ATPases” to hydrolyze ATP. Surprisingly,
the hydrolysis of eATP was enhanced in the presence of Mg2+ and
absence of Ca2+. It is possible that Ca2+ and Mg2+ “compete” for
maintaining optimal activity of soluble enzymes so that when
Ca2+ is removed, Mg2+ takes over the maintenance unrestrained.
The formation of eADP from eATP followed the relationships
described for the eATP decrease: no change in the absence of
Mg2+ alone, enhanced formation of eADP in the absence of Ca2+

plus EGTA, and abolished eADP formation when both Ca2+ and
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Mg2+ were absent. Despite increased formation of eADP in the
absence of Ca2+, neither the formation of eAMP nor of eADO
were significantly enhanced. In fact, the hydrolysis of eADP was
modestly inhibited in the absence of Mg2+ and significantly

inhibited in the absence of Ca2+, suggesting that soluble
ADPase(s) requires Ca2+ more than Mg2+ for its activity. This
is in contrast with what we observed with the eATP hydrolysis.
Altogether, the present study establishes that Ca2+ and Mg2+ are
essential for the activities of soluble nucleotidases that are
released in the LP during bladder filling. However, releasable
enzymes that degrade sequentially ATP to ADO appear to
depend unequally on extracellular Ca2+ and Mg2+: thus, Mg2+

might compete with Ca2+ for ensuring optimal activity of
enzymes that convert ATP to ADP, whereas Ca2+ may be
more important for the activity of nucleotidases that catabolize
ADP to AMP and then to ADO.

We next examined how activities of soluble enzymes in the LP
are affected by commonly-used inhibitors of membrane-bound
nucleotidases. In cELS collected from nondistended or distended
preparations, ARL67156 modestly diminished the decrease of
eATP, significantly reduced the increase of eAMP and eADO, but
did not affect the intermediate product eADP, suggesting
different sensitivity of soluble nucleotidases to ARL67156. A
study using recombinant mouse nucleotidases has
demonstrated that ARL67156 is a weak competitive inhibitor
of ENTPD1, ENTPD3, and ENPP1, and is not an effective
inhibitor of ENTPD2 and ENPP3, and inhibits the mouse
ENTPD8 (Levesque et al., 2007). POM-1 was proposed as a
potent inhibitor of membrane-bound ENTPD1–3 (Muller et al.,
2006). In the present study, POM-1 was a more potent inhibitor
of the degradation of eATP than ARL67156 and significantly
reduced the formation of all three products. The discrepancy in
the effects of POM-1 and ARL67156 on eATP hydrolysis was
likely due to different efficacy toward the activity of ENTPD2.
POM-1 inhibits ENTPD2 (Muller et al., 2006) whereas ARL67156
does not (Levesque et al., 2007). ENTPD2 hydrolyses ATP to
ADP with minimal AMP accumulation (Zimmermann et al.,
2012). The effects of ARL67156 in the present study suggest that
soluble enzymes similar to ENTPD1 and 3, and ENPP1 might be
released in the LP whereas the effects of POM-1 suggest that an
ENTPD2-like enzyme could also be released in LP during bladder
filling. While a number of non-selective ENTPD inhibitors have
been developed, potent subtype-specific inhibitors are scarce.
PSB06126 is an ENTPD3 inhibitor of the rat isoform of the
enzyme and appears to display selectivity over ENTPD1 and 2
(Baqi et al., 2009). It may have similar efficiency profile in the
mouse since mouse and rat ENTPD3 share 96% homology
(UniProt). In ELS collected from distended preparations,
PSB06126 diminished the eATP decrease and the eADP
increase and had no effect on eAMP and eADO increase. The
ENPP1 Inhibitor C (Kawaguchi et al., 2019) diminished the
decrease of eATP but did not affect the formation of eADP
since ENPP1 hydrolyses eATP to eAMP directly. Consequently,
the formation of eAMP was diminished by ENPP1 inhibitor C.
Neither PSB06126 nor ENPP1 Inhibitor C had an effect on the
degradation of eATP in nondistended preparations. The TNAP
inhibitor L-p-BT (Jackson et al., 2020a) had no effect on eATP
decrease or product increase in nondistended or distended
preparations. Together, these results suggest that no
spontaneous release of ENTPD3, ENPP1, and TNAP occurred
in the LP whereas distention of the LP during bladder filling likely

FIGURE 12 | A model depicting mechanisms of purinergic signaling in
the lamina propria during bladder filling. Stretch of the bladder wall during filling
causes release of ATP from the urothelium into the suburothelium (Birder and
Andersson, 2013; Burnstock, 2014; Dalghi et al., 2020). ATP activates
P2X (e.g., P2X2/X3) receptors (P2XR) on afferent nerve terminals in urothelium
and suburothelium/lamina propria (SubU/LP) and triggers a voiding reflex
(Cockayne et al., 2000; Vlaskovska et al., 2001). ATP that is released in the LP is
hydrolyzed to ADP, AMP, and adenosine (ADO) by four families of membrane-
bound nucleotidases (Zimmermann et al., 2012). Bladder excitability during filling
is regulated by excitatory (ATP andADP) and inhibitory (ADO) purinemediators in
the LP that activate specific purinergic receptors. ATP activates ligand-gated
P2XR and G protein-coupled P2Y receptors (P2YR), ADP activates P2YR, and
ADO activates G-protein coupled adenosine receptors (AR) (Burnstock, 2014).
P2XR, P2YR, and AR are ubiquitously expressed in the bladder wall, including in
cells in the detrusor, the urothelium, and the LP (Dalghi et al., 2020). Cell types
that express purinergic receptors in the LP include afferent neurons (AN),
interstitial cells (IC), fibroblasts (Fb), and blood vessels (BV). Nucleotidases have
the ability to terminate P2XRor P2YR responses initiated by ATP and to favor the
activation of AR or ADP-responding receptors. In addition to the membrane-
bound nucleotidases, enzymes that metabolize ATP are released in the LP
spontaneously and during distention of the bladder wall during bladder filling.
Released enzymes degrade ATP to ADP, AMP, and ADO. The activity of
released enzymes is greater in distended LP than in nondistended LP indicating
mechanosensitive release of enzymes. Soluble nucleotidases in the LP identify
with several membrane-bound nucleotidases and are possibly released in the
LP by distention-induced ectodomain shedding (Lichtenthaler et al., 2018).
Distention-dependent degradation of ATP by membrane-bound and soluble
nucleotidases diminishes the presence of ATP in the LP at the end of bladder
filling (Durnin et al., 2019b) to prevent abnormal excitability of the bladder. The
proper availability of excitatory and inhibitory purines in the bladder wall is
determined by distention-associated purine release and purine metabolism.
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released ENTPD3-and ENPP1-like enzymes, but not TNAP. The
relative potency order of nucleotidase inhibitors for distention-
released soluble nucleotidases in LP was POM-1 > ARL67156 >
PSB06126 = ENPP1 inhibitor C. The pharmacological
characterization suggests a release of cocktail of nucleotidases
in the LP during bladder filling that likely include ENTPD1–3,
ENPP1 and ENPP3, and possibly ENTPD8. However, no
indication of the presence of TNAP was obtained with the use
of a pharmacological inhibitor.

Poor specificity of enzyme inhibitors poses serious
limitations for determining the identity of released
enzymes by pharmacological characterization. Therefore,
we next sought to determine whether the enzymes
suggested by pharmacology studies are indeed present in
cELS from distended bladder preparations. Using a highly-
sensitive methodology for protein detection was crucial for
these experiments given the high dilution of released enzymes
in the EL samples. Therefore, we used a capillary western blot
method that has the advantage of being a more sensitive and
automated approach for protein detection while providing
comparable results to traditional western blotting (Chen
et al., 2013; Lu et al., 2018). Multiple nucleotidases were
found present in urothelium homogenate and in cELS. Of
particular interest is the observation that the relative
expression of enzymes released in cELS was different from
the relative expression of nucleotidases in the mouse
urothelium, suggesting that a regulated release of enzymes
likely occurs in the LP during bladder filling. Thus,
the relative distribution of nucleotidases in urothelium was
ENTPD1>>ENPP1>ENTPD2 = ENTPD3 > ENPP3 = NT5E
>> ENTPD8 = TNAP and ENTPD1>>ENTPD3>>ENPP3>
ENPP1 = ENTPD2 = NT5E >> ENTPD8 = TNAP in cELS.
The findings that several enzymes with nucleotidase
activities were present in cELS are in accordance with the
results from substrate degradation and pharmacological
characterization of soluble enzymes in cELS. An intriguing
observation was that enzymes that have transmembrane
domains in their molecular structure were found released
in the solutions bathing the LP. A possible mechanism
underlying such release could be through proteolytic removal
of membrane protein ectodomains (aka ectodomain shedding)
that is a post-translational modification regulating
functions of hundreds of membrane proteins (Lichtenthaler
et al., 2018). The cleavage reactions are catalyzed by a broad
range of proteases, including intramembrane and soluble
proteases that can cleave single-pass transmembrane
proteins, dual-pass and polytopic membrane proteins or
proteins that are attached to the external leaflet of the
plasma membrane by a GPI anchor (Lichtenthaler et al.,
2018). As discussed, soluble forms of nucleotidases have
been reported (Jiang et al., 2014). For example, NT5E
and TNAP are GPI-anchored proteins that can be released
by endogenous phospholipase C cleavage of GPI, via
microvesicles or via exosomes from cancer cells (Zimmermann
et al., 2012). ENPP1 is a single-pass transmembrane enzyme
(Borza et al., 2021) whereas ENTPD1,2,3, and 8 have two

transmembrane domains close to their N- and C-termini
and a large extracellular loop that contains the catalytic
domain (Zimmermann et al., 2012). ENTPD1 is preferentially
targeted to caveolae, membrane microdomains with specialized
structure and function (Kittel et al., 1999; Koziak et al., 2000).
There is evidence that catalytically active ENTPD1 can be shed in
membrane-bound form from plasma membranes of ENTPD1-
expressing cells (Yegutkin et al., 2000; Ceruti et al., 2011) or to be
incorporated in membrane particles that are released in the
extracellular space (Barat et al., 2007). Shedding of undefined
ATP-degrading enzymes has been observed from endothelial
cells in response to shear stress and from cultured astrocytes
following O2-glucose deprivation (Yegutkin et al., 2000; Ceruti
et al., 2011). Studies have suggested that mechanical stretch could
enhance the expression of enzymes involved in steroid
biosynthesis (Feng et al., 2019). To the best of our knowledge,
however, release of membrane-bound enzymes in response to
stretch has not been reported previously. In all membrane-
bound nucleotidases, the transmembrane and intracellular
domains comprise approximately 10%–13% of the molecule
(UniProt), suggesting that no significant differences in the
mass of membrane-bound and cleaved enzymes would be
detected with western immunoblot methodologies. This
might explain the similar masses (molecular weights) of
enzymes that are present in urothelial tissue homogenates
and in cELS. Studies have suggested that lack of
transmembrane domains of nucleotidases may result in
reduced catalytic activity (Wang et al., 1998; Grinthal and
Guidotti, 2002). Soluble forms of human ENTPDs engineered
to comprise of only the extracellular domains demonstrated
markedly diminished nucleotide-hydrolyzing capabilities in
comparison with native membrane-embedded ENTPDases
containing two transmembrane domains (Knowles, 2011). It
is currently unknown whether this is true for the enzymes
released in the LP during bladder filling. As demonstrated,
however, the degradation of eATP by such enzymes was
distinct.

There are two important implications of the present study:
1) multiple enzymes that coexist on the cell surface or are
released during bladder filling determine the effective
concentrations of biologically active mediators in the LP
and the degree of activation of purinergic receptors in
various types of cells in the bladder wall, and 2) in studies
of purinergic signaling, it is important to investigate
simultaneously the availability of extracellular ATP and its
metabolites.

In summary (Figure 12), here we report that several soluble
nucleotidases are released in the LP during bladder filling
causing enhanced hydrolysis of ATP and ADP at the end of
filling. These findings corroborate the hypothesis that
distention induced-release of soluble nucleotidases
attenuates the excitatory effects of ATP and ADP on cells in
the LP and in detrusor and suggest the prospect that inhibition
of purine nucleotide degradation could aggravate bladder
excitability by accumulation of excitatory urothelial
mediators in the bladder wall.
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At present, we do not know the mechanisms underlying the
distention-induced enzyme release in the LP. The mechanisms
of coordination of multiple enzyme activities in regulation of
bladder excitability also remain to be unraveled. Future studies
aimed at understanding the complexity of purinergic
regulation and functions in the bladder will help to guide
translational and clinical efforts for bladder motility disorders,
inflammation, cancer, and other human diseases.
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Expanding the HPSE2 Genotypic
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Disease Featuring a Peripheral
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Urofacial (also called Ochoa) syndrome (UFS) is an autosomal recessive congenital
disorder of the urinary bladder featuring voiding dysfunction and a grimace upon
smiling. Biallelic variants in HPSE2, coding for the secreted protein heparanase-2, are
described in around half of families genetically studied. Hpse2 mutant mice have aberrant
bladder nerves. We sought to expand the genotypic spectrum of UFS and make insights
into its pathobiology. Sanger sequencing, next generation sequencing and microarray
analysis were performed in four previously unreported families with urinary tract disease
and grimacing. In one, the proband had kidney failure and was homozygous for the
previously described pathogenic variant c.429T>A, p.(Tyr143*). Three other families each
carried a different novelHPSE2 variant. One had homozygous triplication of exons 8 and 9;
another had homozygous deletion of exon 4; and another carried a novel c.419C>G
variant encoding the missense p.Pro140Arg in trans with c.1099-1G>A, a previously
reported pathogenic splice variant. Expressing the missense heparanase-2 variant in vitro
showed that it was secreted as normal, suggesting that 140Arg has aberrant functionality
after secretion. Bladder autonomic neurons emanate from pelvic ganglia where resident
neural cell bodies derive frommigrating neural crest cells. We demonstrated that, in normal
human embryos, neuronal precursors near the developing hindgut and lower urinary tract
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were positive for both heparanase-2 and leucine rich repeats and immunoglobulin like
domains 2 (LRIG2). Indeed, biallelic variants of LRIG2 have been implicated in rare UFS
families. The study expands the genotypic spectrum in HPSE2 in UFS and supports a
developmental neuronal pathobiology.

Keywords: HPSE2, urofacial, heparanase-2, LRIG2, missense, Ochoa syndrome, triplication, rare disease

INTRODUCTION

Urofacial (Ochoa) syndrome (UFS) is rare autosomal recessive
disease featuring urinary voiding dysfunction and a grimace upon
smiling (Elejalde, 1979; Ochoa 2004; Newman and Woolf, 2018;
Osorio et al., 2021). The urinary tract phenotype is characterized
by bladder dyssynergia, with the detrusor contracting against and
incompletely dilated outflow tract. This is manifest by dribbling
incontinence of urine, and the residual urine is prone to bacterial
infection. Moreover, high intravesical pressures lead to
vesicoureteric reflux (VUR) which, if accompanied by
urosepsis, can cause kidney infections, scarring and end-stage
kidney failure. The characteristic grimace when smiling or
laughing results from an abnormal contraction of the corners
of the mouth and eyes (Ochoa 2004; Aydogdu et al., 2010).

Biallelic variants in HPSE2, coding for the secreted protein
heparanase-2 (McKenzie et al., 2000; McKenzie 2020), was the
first gene implicated in UFS (UFS1; Mendelian Inheritance in
Man #236730). Indeed, HPSE2 variants have been described in
around half of the families with the syndrome who have been
genetically investigated (Newman and Woolf, 2018). There is
variability in phenotypic expression, even in a single family, and a
small proportion of affected individuals may manifest only the
grimace or urinary voiding dysfunction (Newman and Woolf,
2018). Previous reports of pathogenic variants in HPSE2 feature
stop-gain variants, splice variants and deletions (Daly et al., 2010;
Pang et al., 2010; Al Badr et al., 2011; Stuart et al., 2015; Bulum
et al., 2015; Vivante et al., 2017; van der Ven et al., 2018; Cesur
Baltacı et al., 2021), all consistent with a loss of function
mechanism. There exists only a single report of a homozygous
missense, p.(Asn543Ile), in HPSE2 associated with UFS
(Mahmood et al., 2012).

In mice, heparanase-2 has been immunodetected in pelvic
ganglia (Stuart et al., 2015), structures that send postganglionic
autonomic neurons to the bladder (Keast et al., 2015). Hpse2
mutant mice have dysfunctional bladders (Guo et al., 2015; Stuart
et al., 2015) with impaired dilatation of the bladder outflow tract
(Manak et al., 2020) and abnormal patterns of bladder nerves
(Roberts et al., 2019). Moreover, experimental knockdown of
hpse2 in Xenopus leads to dysmorphic peripheral nerves (Robert
et al., 2014). The specific biological role, or roles, of heparanase-2
are less clear but the protein has the abilities to bind heparin and
heparin sulphate, and to inhibit the enzymatic (e.g., heparan
sulfate degrading) activity of classical heparanase (Levy-Adam
et al., 2010), here called heparanase-1, by outcompeting binding
to its heparan sulfate substrate. Heparanase-2 also modulates
both the migration of human tumour cells in vitro and
experimental tumour growth in vivo (Gross-Cohen et al.,
2021a; Gross-Cohen et al., 2021b).

Rarer individuals with classical features of UFS have biallelic
variants in LRIG2 (UFS2; Mendelian Inheritance in Man
#615112), encoding a plasma membrane associated protein
called leucine rich repeats and immunoglobulin like domains 2
(Stuart et al., 2013; Fadda et al., 2016; Sinha et al., 2018). Biallelic
missense variants in LRIG2 have also been reported in rare
individuals with bladder dysfunction and renal failure, but
who lack the facial phenotype (Roberts et al., 2019). Like
heparanase-2, LRIG2 is detected in mouse pelvic ganglia
(Stuart et al., 2015), and homozygous Lrig2 mutant mice have
bladder dysfunction and abnormally patterned bladder nerves
(Roberts et al., 2019).

In this study, we sought to expand the HPSE2 genotypic
spectrum in families with UFS and make further insights into
its pathobiology by seeking heparanase-2 and LRIG2 proteins in
peripheral nerve precursors in human embryos.

PATIENTS AND METHODS

Genetic analyses of HPSE2 and LRIG2
All individuals reported in this study provided consent to
participate in a study to define the genetic cause of their
family diagnosis. Institutional ethical approval for the study
was granted (United Kingdom; University of Manchester
[06138] and National Research Ethics Service Northwest,
Greater Manchester Central ethics committee [06/Q1406/52
and 11/NW/0021]). Where a clinical diagnosis of UFS was
made prior to genetic testing a targeted approach of
sequencing HPSE2 and LRIG2 was employed. Where there
was clinical uncertainty, but UFS lay within the differential
diagnosis a broader candidate gene or unbiased exome
approach was employed. In Families 1 and 4, Sanger
sequencing was undertaken for all coding exons of HPSE2
and LRIG2. Primers for amplification of exons and exon-
intron boundaries of HPSE2 and LRIG2 were designed with
Primer3Plus. For HPSE2 NM_021828.4 for exons 1 to 12 and
NM_001166246.1 for transcript variant 4 alternative exon 12
(exon12b) was used (details available on request). For LRIG2
NM_014813 for exons 1–18 was sequenced (details available
on request). Sanger sequencing was performed using the
BigDye Terminator v3.1 kit (Life Technologies, CA,
United States) according to manufacturer’s instructions and
resolved on an ABI3730 sequencer (Life Technologies, CA,
United States). Genotyping for HPSE2 and LRIG2 variants was
undertaken by sequencing the relevant amplicons in other
family members. In Family 2, genetic testing was performed by
a TruSight One capture kit (Illumina) using Nextera rapid
capture for 4813 genes that were considered clinically relevant

Frontiers in Genetics | www.frontiersin.org June 2022 | Volume 13 | Article 8961252

Beaman et al. HPSE2 and Urofacial Syndrome

80

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


at the time of the design. This was sequenced on a NextSeq550
(Illumina) with 2 × 150 bp paired-end reads. The alignment to
GRCh37 was performed on NextGene (SoftGenetics, v2.4.1)
with the in-built copy number variation (CNV) tool for CNV
detection. Bioinformatic analysis of 57 genes (Supplementary
Data) associated with urinary tract malformations was
performed. In Family 2, confirmation of the CNV detected
and cascade testing of family members were undertaken on an
Agilent SurePrint G3 Human whole genome microarray. In
Family 3, a trio analysis with a CytoScan HD single nucleotide
polymorphism array was undertaken (ThermoFisher
Scientific). Data were processed and analysed using
NxClinical v5.1 software (BioDiscovery, CA, United States).
Results were confirmed visually in whole exome sequencing
data. In short, capture was performed using the SureSelect
Human All Exon V7 capture kit (Agilent) according to
manufacturer’s instructions and subsequent sequencing was
performed on a NovaSeq 6000 sequencing system (Illumina).
Mapping was performed using an in-house GATK-based
pipeline and resulting data was visualized using the
Integrative Genomics Viewer (IGV, Broad Institute, CA,
United States) (Robinson et al., 2017).

Transfection of HPSE2 in Mammalian Cells
FreestyleTM HEK293-F cells (Thermo Scientific) were
transiently transfected in FreestyleTM 293 expression
medium (Thermo Scientific) in duplicate with either wild-
type pcDNA3: HPSE2c myc, or the myc-tagged p.Asn543Ile
(Mahmood et al., 2012) or p.Pro140Arg (current paper)
variant constructs. Three days after transfection at 37°C
shaking at 130 rpm, the cultures were split and heparin
(10 μg/ml) was added to one set and left to grow for a
further 24 h with shaking at 37°C. Heparin is known to
bind wild type heparanase-2 and in cultured cells adding
heparin to the media will sequester heparanase-2 protein that
was associated with the cell surface (Levy-Adam et al., 2010;
McKenzie, 2020). The conditioned media was clarified and
concentrated 10-fold using a vivaspin 5 KDa concentrator.
Ten µg of cell lysate protein per lane was used for western
blotting. β-actin was used as a cellular loading control. For
the supernatant lane loadings equal amounts of cells were
quantified using a haemocytometer and the clarified media
was collected next day for blotting. All samples were
concentrated to the same volume to standardise before
SDS analysis and blotting. RIPA lysis buffer was added to
the cell pellets on ice and left for 30 min. The lysates were
sonicated (30% setting for 30 s on ice) and then centrifuged at
15,000 g for 30 min at 4°C. Samples were removed and mixed
with 2 x SDS Laemmlli buffer containing 2-mercaptoethanol
and heated for 95oC for 5 min. Samples were resolved on a
4–20% SDS PAGE gel and blotted onto polyvinylidene
fluoride membranes. Membranes were blocked in PBS-T,
5% skimmed milk for 1 h and then incubated overnight
with anti-myc antibody (Sigma) at 4oC. Next day,
membranes were washed with PBS-T, milk and incubated
with secondary mouse anti-myc antibody for 1 h in PBS-T
milk. Blots were finally washed in PBS-T and incubated with

ECL reagents (GE). Chemiluminescence was detected using
the Syngene western blot system.

Immunohistochemistry
Human embryonic tissues, collected after maternal consent and
with ethical approval (REC18/NE/0290), were sourced from the
Medical Research Council and WellcomeTrust Human
Developmental Biology Resource (https://www.hdbr.org/).
Seven week embryonic tissues were fixed, paraffin embedded,
and sectioned as described (Lopes et al., 2019) and serial sections
were immunostained with one of the following primary
antibodies: rabbit anti-heparanase-2 (1:200; custom made and
raised against an epitope starting at amino acid 82) (Roberts et al.,
2014); rabbit anti-LRIG2 (1:200; AP13821b; Abgent); or chicken
anti-β3-tubulin (1:400; AB9354; Millipore). The primary
antibodies were detected with secondary antibody and signals
generated with a peroxidase-based system, as described (Lopes
et al., 2019).

RESULTS

Family 1
The proband (II:1) is a 20 year old male from a consanguineous
Turkish family (Figure 1). His clinical course featured recurrent
urinary tract infections (UTIs), and VUR was diagnosed when he
was 7 years old. He was initially treated with intermittent bladder
catheterization and anticholinergic medication. His small
capacity bladder was surgically augmented when he was
12 years old. Subsequently, he reached end-stage renal failure
and received a kidney transplant at the age 17 years. UTIs
persisted and a video-urodynamic study demonstrated VUR
into both his native kidneys and into the transplanted kidney.
He has a striking grimace upon attempting to smile
(Supplementary Video S1). The proband’s parents are
clinically unaffected. Sequencing of LRIG2 revealed no
significant variants. Sequencing of HPSE2 in the proband
revealed a homozygous pathogenic variant, as defined under
ACMG guidelines (PVS1, PM2_Mod, PS4_Supp) (Richards
et al., 2015) c.429T>A, p.(Tyr143*), which has previously been
reported in a family affected by UFS (Stuart et al., 2015).
Segregation analysis revealed that his parents, who were each
clinically unaffected, were each heterozygous for the variant, as
were two of the proband’s clinically unaffected brothers (II:2 and
II:3) where DNA samples were available. A sample from the other
unaffected brother (II:4) was not available.

Family 2
The proband (II:2), is the middle of three sisters born to a non-
consanguineous couple (Figure 2) from the Torres Strait Islands,
Australia. The pregnancy leading to her birth, and the birth itself,
were uneventful. She has a grimace typical of UFS. She presented
aged 3 years with recurrent UTIs. Investigations revealed that she
had a thickened bladder wall, VUR and hydronephrosis. She had
a bladder stoma fashioned at that point. She had an
ileocystoplasty bladder augmentation in her early teenage years
and she currently self-catheterises. Investigations in her early
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teenage years revealed persistent thickening of the bladder wall,
with bladder diverticulae and a large residual volume after
micturition, together with VUR, bilateral hydronephrosis and
kidney cortical scarring. Her blood creatinine was elevated at
106 μmol/L (upper normal for age 82 μmol/L). II:3 is her younger

sister who presented with a UTI aged 4 years. Investigations
revealed bilateral VUR with a thickened neurogenic bladder.
She currently self-catheterises. Like II:2, II:3 has a grimace
typical of UFS, and she also had a bladder that failed to void
completely, with a residual of 117 ml, with a thickened wall and

FIGURE 1 | Family 1. (A). Pedigree of Family 1 with individual affected with UFS (II:1) shaded. Dots represent clinically unaffected individuals confirmed to carry a
HPSE2 heterozygous variant. (B,C), Genomic sequence chromatograms, showing variant c.429T>A indicated by an arrow (B) homozygous variant for affected, (C)
heterozygous variant for carriers. Please see Supplementary Video 1 for the grimace upon smiling.
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FIGURE 2 | Family 2. (A). Pedigree of the Family 2 with three individuals affected with UFS (shaded). Dots represent clinically unaffected individuals confirmed to
carry aHPSE2 heterozygous variant (B). Grimace when smiling characteristic of UFS in individuals II:2 and II:3. (C). Y-axis indicates raw depth of coverage after alignment
fromNGS gene panel; X-axis chromosomal coordinates in chr10 (Note thatHPSE2 is on the minus strand). The blue line indicates the geneHPSE2 and the green dashes
the exons within HPSE2 Exon numbering according to NM_021828.4. (D) Copy number analysis in HPSE2: Normalised copy number ratio of patient against sex-
matched controls. Data points for captured regions withinHPSE2. Y-axis shows relative copy number against control samples, where 1 indicates having normal diploidy;
X-axis chromosomal coordinates on chromosome 10 in reverse orientation. Two consecutive exons in HPSE2 showed high normalised copy number ratio indicative of
homozygous triplication (total of six copies).
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FIGURE 3 | Family 3. (A). Pedigree of the Family 3 with individual affected with UFS (shaded). Dots represent clinically unaffected individuals proven to carry a
HPSE2 heterozygous variant. (B). Facial appearance of child demonstrating downturned corners of the mouth when smiling. (C). The SNP array shows the proband (top
track) with the father and mother below, both with a heterozygous deletion. The BAF (B allele frequency) panel of the picture shows a part of the region of homozygosity
(marked yellow) and in the probes track the homozygous deletion depicted in pink/red. (D). The IGV image shows the coverage of theWES zoomed to encompass
HPSE2 exon 4. The top track is the proband with the homozygous deletion (no coverage of exon 4). The two tracks below are two control individuals in the same WES
capture/sequence run demonstrating exon coverage.
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FIGURE 4 | Family 4. (A). Pedigree of the Family 4 with three individuals affected with UFS (shaded). Dots represent clinically unaffected individuals confirmed to
carry a HPSE2 heterozygous variant. (B). Grimace when smiling characteristic of UFS in individual II:6 in the family. (C,D). Genomic sequence chromatograms showing
the HPSE2 heterozygous variants indicated by an arrow (C) c.419C>G, and (D) c.1099-1G>A.
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bilateral VUR. II:3’s blood creatinine was elevated at 63 μmol/L
(upper normal for age 58 μmol/L). The eldest sister, II:1, had had
several UTIs as a child but did not report other urinary
symptoms. Ultrasonography revealed a normal bladder
capacity (205 ml) and a minimal residual volume (2 ml) after
micturition, and the upper urinary tract also appeared normal.
She did not have an overt grimace on attempting to smile. In the
proband in Family 2 next generation sequencing of a panel of
genes associated with urinary tract malformations identified a
potential homozygous triplication of exons 8 and 9 in HPSE2,
p.(Val367_Pro [3]). This variant is defined as variant of uncertain
significance (4F, 5D) using the ACMG and ClinGen guidelines
(Rooney Riggs et al., 2020). This was confirmed by a high
resolution microarray (arr [GRCh37] 10q24.2
(100365741_100390995)x6. Segregation analysis by microarray
revealed that the two sisters were also homozygous for the
triplication and the parents were heterozygous. Sequencing of
LRIG2 revealed no significant variants in the proband.

Family 3
The proband was the son of consanguineous first cousin Turkish
parents (Figure 3) who had been referred with a tentative
diagnosis of facial nerve paresis. Otherwise, he was fit and well
with no developmental problems. He was toilet trained at 3 years
of age, with only occasional episodes of enuresis. There was no
history of UTIs and a bladder ultrasound at 3 years of age was
normal, with no residual urine volume after micturition. Later in
childhood, however, there was a history of mild dribbling urinary
incontinence during the day, and there was a significant volume
(70–158 ml) of urine after micturition. He defecates small
amounts, four to five times a day. SNP microarray of the
proband revealed a potential homozygous deletion of exon 4
in HPSE2, arr [GRCh37] 10q24.2 (100501035_100514963)x0.
with a minimal size of 13.9 kb. Subsequent exome sequencing
confirmed this finding. His parents had no urinary tract
symptoms or facial signs, and they were both heterozygous for
the deletion. The deletion of exon 4 is in frame, leading to the
predicted loss of 58 amino acids and formation of a truncated
protein p.(Ala_Asn261del). This variant is defined as a variant of
uncertain significance (2E, 5H) using the ACMG and ClinGen
guidelines (Rooney Riggs et al., 2020). Upon further assessment,
the proband’s abnormal smile, with downturned corners of the
mouth upon smiling, was considered consistent with UFS.
Sequencing of LRIG2 revealed no significant variants in the
proband.

Family 4
The proband (II:1) was female and the first child of healthy non-
consanguineous German parents (Figure 4). She presented in
early childhood with recurrent UTIs associated with poor bladder
emptying and she was initially treated with intermittent bladder
catheterization and anticholinergics. Magnetic resonance
imaging revealed normal spinal anatomy. She underwent a
vesicostomy aged 4 years and assessment in her seventh year
led to a diagnosis of neurogenic bladder with detrusor sphincter
dyssynergia. Her course was complicated by VUR and damage to
her left kidney so that, as assessed by isotope scanning when

12 years old, it contributed only 22% of total kidney function. The
next two siblings (II-2 and II-3) were also female. They had no
urinary symptoms, but II-2 died at 18 years from epilepsy. The
next sibling (II:4), another girl, presented in utero with a
thickened bladder wall reported on an anomaly screening
ultrasound scan. After birth, a micturating cystourethrogram
(MCU) was abnormal, consistent with a neurogenic bladder.
When assessed aged 17 years, urodynamics revealed a low
compliance bladder with high intravesical pressures of 70 cm
H2O after filling, rising to 180 cm H2O during micturition, the
latter over three times the upper limit of normal (Lemack et al.,
2002). MCU revealed incomplete bladder emptying with 130 ml
residual urine. Ultrasonography revealed bilateral
hydronephrosis and her overall renal function was impaired
with a blood creatinine of 114.4 μmol/L (upper normal
105.6 μmol/L). The fifth sibling (II:5) was a healthy female.
The sixth and final sibling (II:6) was a boy. He was
investigated for nocturnal enuresis aged 10 years when
urodynamics revealed a low compliance and low-capacity
bladder with staccato micturition. Ultrasonography showed
normal kidneys and blood tests showed normal renal function.
He commenced intermittent self-catheterization and
anticholinergic therapy. A grimace when smiling was noted
and the diagnosis of UFS was considered; in further inspection
the two other siblings with urinary tract disease were also noted to
have a grimace. Sequencing of LRIG2 revealed no significant
variants. Sanger sequencing of HPSE2 identified two variants,
c.419C>G, p.Pro140Arg and c.1099-1G>A in the three affected
children (II:1, II:4, and II:6). Two sisters unaffected by urinary
disease (II:2 and II:5) were carriers for a single variant, and the
third clinically unaffected sister (II:3) was wild type. The parents
were heterozygous carriers, confirming that the variants were on
separate alleles, consistent with autosomal recessive inheritance.
The c.1099-1G>A variant has previously been reported in a
patient with UFS (Stuart et al., 2015) and is predicted to result
in the loss of a splice acceptor within exon 8, so introducing a
premature stop codon. This variant was classified as pathogenic
(PVS1, PM2_Mod, PS4_Supp, PP1_Supp, PM3_Mod) by ACMG
guidelines (Richards et al., 2015; Ellard et al., 2020). Before this
report, however, the c.419C>G variant has not been associated
with UFS. This variant occurs at a minor allele frequency of
0.00001 (i.e., 2 in 152,996 alleles in the gnomAD database)
(Karczewski et al., 2020). The c.419C>G variant is a missense
change, predicted to result in the substitution of a proline for an
arginine residue, p.Pro140Arg. This proline residue is conserved
in heparanase-2 between humans to zebrafish. In silico tools of
pathogenicity gave conflicting predictions: the variant was
disease-causing as assessed with Mutation Taster (http://www.
mutationtaster.org/); benign on Polyphen-2 (http://genetics.bwh.
harvard.edu/pph2/); but tolerated using the Sorting Intolerant
From Tolerant (SIFT) tool (http://sift.bii.a-star.edu.sg/); and with
a Combined Annotation Dependent Depletion (CADD) score of
22.4 (a score of >20 predicts that this variant in the top 1% of
most likely deleterious variants) (Rentzsch et al., 2019). This
variant is classified as a VUS (PM2_Mod, PP3, PM3_Mod, PP1_
Supp) according to ACMG guidelines (Richards et al., 2015;
Ellard et al., 2020).
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Protein Modelling and in vitro Expression of
Heparanase-2 Missense Variants
In order to learn more about missense variant discovered in
Family 4, we undertook further analyses. First, we expressed the
p.Pro140Arg variant in cultured cells, and compared it with the
p.(Asn543Ile) variant previously reported in a family with UFS
(Mahmood et al., 2012). Each protein was expressed as a myc-
tagged protein in HEK293 cells (Figure 5). Each variant protein
was detected in cell lysates, as for cells transfected with a wild-type
HPSE2 construct, also myc-tagged. As expected for a secreted
protein, wild-type heparanase-2 was also detected in the
conditioned media. In this context, however, there was a
contrast between the two missense proteins, with only
p.Pro140Arg being detected in the media. In parallel
experiments, heparin, a molecule that binds wild-type
heparanase-2 (McKenzie, 2020), was added to the media.
Again, the myc-tagged p.Asn543Ile variant was not detected in
the supernatant. In blots of both the wild-type and the
p.Pro140Arg variant, the addition of heparin to the media
appeared to increase the intensities of the detected protein
bands in the supernatant compared with the intensities of the
bands that were cell associated.

Second, we undertook protein modelling. No heparanase-2
structural information exists. The closest structural
homologue is human heparanase-1 (encoded by HPSE) with
approximately 50% sequence identity at the protein level (Wu
et al., 2015). The heparanase-1 precursor is arranged into
signal peptide-small subunit-proteolytic linker-large subunit.
In the mature protein, the linker is cleaved off to form a
‘heterodimer’ of small and large subunits. The residue Asn543
in heparanase-2 (Mahmood et al., 2012) corresponds to
Asn496 in heparanase-1 (using precursor numbering). This

Asn position is strictly invariant in the heparanase-1/
heparanase-2 orthologues and is located in the large subunit
as part of the beta-sandwich domain. Asn496 in heparanase-1
forms main-chain hydrogen bonds with a nearby beta-strand
to maintain the sandwich domain. These hydrogen bonds are
likely conserved in heparanase-2, as suggested by the
Alphafold predicted model (Tunyasuvunakool et al., 2021)
and the p.Asn543Ile substitution in heparanase-2 is
predicted to interfere with these hydrogen bonds. The effect
of altering the residue Pro140 in heparanase-2 is more complex
to rationalise (Supplementary Figure S1). Pro140 (underlined
and cyan shaded in Supplementary Figure S1) and the
surrounding residues are not well conserved with
heparanase-1 in terms of sequence and structure. The
equivalent region in the latter is part of the proteolytic
linker (red letters) that gets cleaved off during activation to
form the mature protein. It is therefore difficult to predict a
possible effect of this variant in the absence of the heparanase-
2 structure.

Immunolocalisation of Heparanase-2 and
LRIG2 in Normal Human Embryos
We studied histology sections of two human embryos, each of
7 weeks gestation. At this stage, the hindgut has separated from
the urogenital sinus, the latter being the precursor of the
urinary bladder (Jenkins et al., 2007). The immunostaining
patterns were similar in each embryo. Heparanase-2 was
immunodetected in loosely aggregated collections of cells
flanking the hindgut (Figure 6), and also in the in the
primitive urethra and in the genital tubercule. In transverse
sections more cranial to these, heparanase-2 was detected in

FIGURE 5 | Expression of wild type and missense variant proteins in HEK293 cells. Non quantitative western blot analyses using anti-myc antibody. HEK293 cells
were transfected with pCDNA3:HPSE2cmyc wild-type (WT) or the myc-tagged the p.Asn543Ile variant (abbreviated to N543I in the annotated image) or the
p.Pro140Arg variant (abbreviated to P140R in the annotated image) variant. Samples, with two replicates shown for each condition, were studied at both 3 days after
transfection (No heparin in media) and also 24 h later after the addition of heparin to the media (With heparin in media). The upper blot is of the conditioned media
(Heparanase-2/myc in condition media),while the lower blot is from cell lysates (Cell associated heparanse-2/myc). Note that all three proteins were detected in cells, and
that the wild-type and the p.Pro140Arg variant were detected in the conditioned media. The lack of the p.Asn543Ile variant in conditioned media was documented both
before and after adding heparin to the media; this molecule is known to bind native heparanase-2 (McKenzie, 2020). In blots of both the wild-type and the p.Pro140Arg
variant, the addition of heparin to the media appeared to increase the intensities of the detected protein bands in the supernatant compared with the intensities of the
bands that were cell-associated.
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FIGURE 6 | Immunohistochemistry of human embryos. Transverse sections through a seven-week human embryo at the level of the hindgut. All sections were
counterstained with haematoxylin (blue nuclei). In all sections, ventral (the front of the embryo) is to the left, and dorsal is to the right. A and B are low power views, while
the other frames are high power views. (A). Immunostaining for heparanase-2 (brown signal). Note positive staining in collections of cells (one area is boxed) flanking the
hindgut (hg). Positive immunostaining is also evident in the genital tubercle (gt) and the forming urethra (ur). (B). Adjacent section with primary antibody omitted; no
brown signal is detected. (C). High power approximating to the boxed area in (A). Note collections of cells that immunostain for heparanase-2. (D). Adjacent section to
that depicted in (C) but with primary antibody omitted. (E–G). These are serial sections flanking the hindgut taken from the same embryo but more cranial to the area
viewed in (C). Note the cord of cells (arrowed) that are positive for each of these three proteins: heparanase-2 (E); β3-tubulin (F), a protein enriched in neurons; and
LRIG2 (G). The embryonic ureter (u) is seen in the same three sections. Scale bar is 200 µm in A and B, and 20 µm in (C–G).
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cords on cells flanking the hindgut and near the embryonic
ureter. Serial sections revealed that these structures
immunostained for the neural marker β3-tubulin as well as
for LRIG2. The latter protein was also detected in other cells in
this region, including loosely packed stromal-like cells.

DISCUSSION

Our study expands the genotypic spectrum in HPSE2 in UFS and
supports a developmental neuronal pathobiology. In a broader

context, HPSE2-related disease can be placed among other early
onset lower urinary tract dysfunctional diseases associated with
variants in genes that code for other molecules involved in neural
and smooth muscle maturation (Beaman et al., 2019; Houweling
et al., 2019; Mann et al., 2019; Woolf et al., 2019).

We studied four previously unreported families with UFS
carrying HPSE2 variants. In one family, the proband had end
stage kidney failure and was homozygous for the previously
described pathogenic variant c.429T>A, p.(Tyr143*). The three
other families each carried a different novel HPSE2 variant. One
had homozygous triplication of exons 8 and 9; another had a

FIGURE 7 | Summary of HPSE2 variants associated with UFS. The novel variants found in the three families in the current report are shown in blue. The variants in
green have been reported in previous studies. Two of them were identified in the affected individuals in this study and the missense variant p.Asn542Ile was considered
for its functional consequence. Yet other variants, shown in black, have been reported in previous publications that investigated UFS.

TABLE 1 | Summary of HPSE2 variants associated with UFS. The table contains both results from historical reports as well as the current report.

HPSE2 mutation Predicted protein change Reference

c.57dupC p.(Ala20Argfs*45) Daly et al. (2010)
c.241-242delCT p.(Leu81Alafs*9) Pang et al. (2010)
c.419C>G p.Pro140Arg Current report
c.429T>A p.(Tyr143*) Stuart et al. (2015)

and current report
c.457C>T p.(Arg153*) Daly et al. (2010)

Bulum et al. (2015)
Vivante et al. (2017)

c.724delC p.(Leu242*) Stuart et al. (2015)
c.755del p.(Lys252SerfsTer23) Cesur Baltacı et al. (2021)
c.761-763del p.(Asn254del) Stuart et al. (2015)
c.1099-1G>A p.(Val367Glyfs*2) or p.(Val367Lysfs*6) Stuart et al., 2015., and current report
c.1099-2A>G p.(Val367Glyfs*2) or p.(Val367Lysfs*6) van der Ven et al. (2018)
c.1374-1378del p.(Val459Cysfs*155) Al Badr et al. (2011)
c.1414C>T p.(Arg472*) Daly et al. (2010)
c.1465-1466delAA p.(Asn489Profs*126) Daly et al. (2010)
c.1516C>T p.(Arg506*) Pang et al. (2010)
c.1628A>T p.Asn543Ile Mahmood et al. (2012)
Exon 3 deletion c.449-?-610+?del p.(Asp150-Thr203del) Daly et al. (2010)
Exon 4 deletion c.611-?-785+?del p.(Ala204-Asn261del) Current report
Exon 8-9 deletion/insertion p.(Val367-Pro440del) Daly et al. (2010)
c.1099–4166-1320 + 840delins23
Exon 8–9 triplication p.(Val367-Pro440 [3]) Current report
c.(1099-?-1320+?)[3]
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homozygous deletion of exon 4; and one carried a novel
c.419C>G variant encoding the missense p.Pro140Arg in trans
with c.1099-1G>A, a previously reported pathogenic splice
variant. Expressing the missense heparanase-2 variant in vitro
showed that it was secreted as normal, suggesting that 140Arg has
aberrant functionality after secretion. The c.419C>G missense
variant is only the second reported case in which a variant of a
missense variant inHPSE2 associated with UFS (Mahmood et al.,
2012) and no previous cases of HPSE2 exon triplication have
been associated with UFS. The study therefore expands the
HPSE2 genotypic spectrum associated with UFS (Figure 7 and
Table 1).

It is likely that UFS is under-reported with few individuals
with urinary bladder voiding under-going genetic studies and the
association between a facial grimace and bladder dysfunction not
being considered (Newman and Woolf 2018). It is still
surprising, however, how few missense variants in this gene
have been associated with disease. Furthermore, there are
many genetic mechanisms by which loss of function can arise
and these new findings of copy number variation demonstrate
the importance of incorporating comprehensive analysis methods
in diagnostic testing when UFS is suspected. Deletion of exon 3
and a complex deletion of exons 8 and 9 in HPSE2
have previously been reported (Daly et al., 2010; Stuart et al.,
2015).

Exon (Lücking et al., 2001) or whole gene (Singleton et al.,
2003) triplication is very rarely reported as a mutational
mechanism in Mendelian disorders and has not previously
been reported for HPSE2. It is interesting to note that an
insertion-deletion of exons 8 and 9 in HPSE2 has
been reported associated with UFS (Daly et al., 2010). We did
not define the breakpoints or exact rearrangement of the
triplication and it is not possible to know if it is in frame or
not and how it would impact on protein coding. If in frame, the
translation would result in a significant structural change to the
protein and alter its stability, whereas an out of frame change
would be predicted to result in nonsense-mediated decay. Each
would be consistent with the loss of function of mechanism
associated with other HPSE2 variants in UFS (Newman and
Woolf 2018).

Four potential isoforms of heparanase-2 have been envisaged
as a consequence of differential splicing of exons 3 and 4
(McKenzie et al., 2000; McKenzie 2020). Previously, we
identified a whole exon deletion of exon 3 in a family with
UFS (Daly et al., 2010). Our finding in the current report of a
child with UFS with a homozygous exon 4 deletion suggests that
the isoforms containing both exons 3 and 4 are critical for
heparanase-2 function.

In the current study, we demonstrate that the previously
reported p.Asn543Ile amino acid substitution in heparanase-2
in a family with UFS (Mahmood et al., 2012) generates a protein
that apparently fails to be secreted. Hence this missense variant
likely acts through a loss of function mechanism, providing
experimental evidence that this a potential mechanism for
other putative loss of function variants (Newman and Woolf
2018). In contrast with the p.Asn543Ile variant, the p.Pro140Arg
variant reported here encodes a secreted protein. The functional

effect of this variant is still to be elucidated but may result, for
example, in altered interaction with heparanase-1 (Levy-Adam
et al., 2010) together with, for example, disruption in potential
downstream intracellular signalling (Roberts et al., 2014; Roberts
et al., 2016). The variable clinical presentations in the
affected individuals in Family 4 (e.g. the milder urinary tract
phenotype in II:6), suggests that additional factors beyond the
HPSE2 genotype contribute to the phenotype. These co-factors
include the severity, frequency and type of UTIs and modifier
genotypes.

Although there are a limited number of reports of
individuals with variants in HPSE2 and LRIG2 to draw
definitive phenotype-genotype correlations it is of interest to
explore if there are differences. The similarity of clinical
phenotype between cases with biallelic loss of function and
missense variants in HPSE2 suggests that these missense
variants result in a loss of function (Daly et al., 2010; Pang
et al., 2010; Mahmood et al., 2012; Stuart et al., 2015). This
contrasts with the spectrum of disease associated with LRIG2
variants where biallelic loss of function variants result in
classical UFS whereas biallelic missense variants cause
severe bladder voiding dysfunction with no facial phenotype
(Stuart et al., 2013; Roberts et al., 2019). This suggests that
hypomorphic missense variants of LRIG2, resulting in reduced
function or expression, have a clinical phenotype whereas
there is no evidence to date that hypomorphic HPSE2
variants result in disease. It is possible that such
hypomorphic variants in HPSE2, if they exist, result in a
different clinical phenotype.

Finally, our new observations of heparanase-2 localisation
in early human embryogenesis is broadly consistent with the
hypothesis that the bladder manifestations of UFS are the
result of, at least in part, a peripheral neuropathy affecting the
lower urinary tract (Roberts et al., 2016; Roberts and Woolf
2020). We detected both heparanase-2 and LRIG2 in neural-
like cells with a migratory phenotype and these are postulated
to be pelvic ganglia precursors (Keast et al., 2015). The
current results complement an existing human report that,
later in the first trimester, both proteins are present in nerves
located between detrusor muscle bundles (Stuart et al., 2013).
While the pattern of bladder nerves not been studied in native
tissues of individual with UFS, it is notable that mice
carrying mutations of either Hpse2 or Lrig2 each have
bladder bodies and outflow tracts containing abnormally
patterned neurons (Roberts et al., 2019). It can be
postulated that heparanase-2 is required for the normal
differentiation and functionality of human bladder nerves.
In this context, an interaction with heparanase-1 is
possible because this protein is also detected in pelvic
ganglia (Stuart et al., 2015) and, at least in rat
phaeochromocytoma cells, heparanase-1 modulates
neuritogenesis (Cui et al., 2011). Of note, cell biology
experiments implicate LRIG2 in axon guidance (van Erp
et al., 2015) and in controlling cell turnover in neural
tumour cells (Xiao et al., 2018). Further experiments are
now required to determine the possible effects of LRIG2 on
bladder nerve precursor cells.
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Myosin 5a in the Urinary Bladder:
Localization, Splice Variant
Expression, and Functional Role in
Neurotransmission
Josephine A. Carew1,2,3*†, Vivian Cristofaro1,2,3†, Suhas P. Dasari 1, Sean Carey1,
Raj K. Goyal 1,3 and Maryrose P. Sullivan1,2,3

1Urology Research, VA Boston Healthcare System, Boston, MA, United States, 2Harvard Medical School, Boston, MA,
United States, 3Brigham and Women’s Hospital, Boston, MA, United States

Dysregulation of neurotransmission is a feature of several prevalent lower urinary tract
conditions, but the mechanisms regulating neurotransmitter release in the bladder are not
completely understood. The unconventional motor protein, Myosin 5a, transports
neurotransmitter-containing synaptic vesicles along actin fibers towards the varicosity
membrane, tethering them at the active zone prior to reception of a nerve impulse. Our
previous studies indicated that Myosin 5a is expressed and functionally relevant in the
peripheral nerves of visceral organs such as the stomach and the corpora cavernosa.
However, its potential role in bladder neurotransmission has not previously been
investigated. The expression of Myosin 5a was examined by quantitative PCR and
restriction analyses in bladders from DBA (dilute-brown-nonagouti) mice which express
a Myosin 5a splicing defect and in control mice expressing the wild-type Myosin 5a allele.
Functional differences in contractile responses to intramural nerve stimulation were
examined by ex vivo isometric tension analysis. Data demonstrated Myosin 5a
localized in cholinergic nerve fibers in the bladder and identified several Myosin 5a
splice variants in the detrusor. Full-length Myosin 5a transcripts were less abundant
and the expression of splice variants was altered in DBA bladders compared to control
bladders. Moreover, attenuation of neurally-mediated contractile responses in DBA
bladders compared to control bladders indicates that Myosin 5a facilitates excitatory
neurotransmission in the bladder. Therefore, the array of Myosin 5a splice variants
expressed, and the abundance of each, may be critical parameters for efficient
synaptic vesicle transport and neurotransmission in the urinary bladder.

Keywords: bladder smooth muscle, protein splice variants, neurotransmission, myosin motor, peripheral nerve,
Myosin 5a

INTRODUCTION

The process of micturition provides periodic emptying of the bladder by simultaneous relaxation of
the urethral sphincter and strong contraction of the detrusor. The latter is largely a consequence of
local release of excitatory neurotransmitters from nerves permeating the detrusor. Within the
bladder wall, intramuscular nerve bundles branch repeatedly into single fibers consisting of
varicosities and intervaricose segments (Gabella, 1995). From varicosities formed along the
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axons, excitatory neurotransmission in the non-primate detrusor
is accomplished primarily by exocytosis of the contents of
acetylcholine- and ATP-containing synaptic vesicles. These
neurotransmitters respectively activate muscarinic and
purinergic receptors on bladder smooth muscle cells, inducing
contraction. The complex process whereby neurotransmitter-
containing vesicles are transported to the active zone in the
varicosity membrane of bladder nerves has received little
attention to date, although dysregulation of neuromuscular
transmission may underpin a number of prevalent disorders of
bladder function, including neurogenic, diabetic and obstructive
urinary bladder dysfunction. In axons of the central nervous
system, where neurotransmission processes have been extensively
studied, the directed motion of synaptic vesicles along subcortical
actin fibers is facilitated by the motor protein, Myosin 5a
(Myo5a). The present study investigated the role of this motor
protein in the regulation of excitatory neurotransmission in the
bladder.

Myo5a is a processive motor that enables the short-range
intracellular transport of molecular cargo along actin filaments.
Expressed by many cell types specialized for secretion, Myo5a is a
dimer composed of two heavy chains, each consisting of distinct
domains that coordinate to carry out its functional roles. The
N-terminus contains actin-binding and ATP-hydrolyzing motor
regions, followed by a neck (or IQ domain) segment with six
binding sites for Myo5a light chains, which include the calcium-
sensing protein, calmodulin. The central portion contains the
alpha-helical dimerization interface, consisting of three coiled-
coil regions. This segment of heavy chain partially overlaps with a
region of alternative exons (termed consecutively A, B, C, D, E,
and F) which may occur in different spliced arrangements
(Seperack et al., 1995; Lambert et al., 1998; Au and Huang,
2002; Wagner et al., 2006). Immediately following the
alternate exon region is the C-terminal globular tail domain
(GTD), which facilitates direct interactions with cargos to be
transported.

The effects of Myosin 5a (Myo5a) genetic defects are often
identified by pigmentation abnormalities, because Myo5a is
required for melanosome transport in melanocytes. However,
the more devastating consequences of Myo5a deletion or
mutation are neurological. Homozygosity for the Myo5a null
allele is a fatal trait associated with opisthotonus and convulsions
leading to death in early infancy, as has been shown in the equine
lavender foal, the dilute-opisthotonus and BD-IV rats, and the
dilute-lethal mouse (Mercer et al., 1991; Futaki et al., 2000; Brooks
et al., 2010; Landrock et al., 2018). In humans,MYO5amutations
cause the autosomal recessive disorder, Griscelli syndrome type I,
in which hypopigmentation is coupled with cognitive
impairment, delayed motor development, and hypotonia
(Griscelli et al., 1978; Pastural et al., 1997). Interestingly, a
variant of this syndrome was described with abnormal
pigmentation as the only sign; the causal mutation was
deletion of the segment encoding alternative exon F
(Menasche et al., 2003; Yilmaz et al., 2014). Two Myo5a
mutations that also cause exon F skipping have been
characterized among non-lethal strains of dilute mice (Huang
et al., 1998). Myo5a lacking exon F cannot bind well to and

efficiently transport melanosomes, accounting for abnormal
coloration in the absence of severe neurological defects in the
affected Griscelli syndrome patients and the two dilute mouse
strains. As the latter examples illustrate, not all Myo5a defects
carry grievous neurological consequences. The homozygous
dilute/brown/non-agouti (or DBA) mouse also has a non-
lethal defect in Myo5a expression, which includes reduced
pigmentation but not severe neurologic abnormalities.

The defect in DBA animals results from integration of the
ectopic murine leukemia virus, Emv-3, within the intronic region
ofMyo5a between exons C and D, which disrupts normal mRNA
splicing. While a fraction of transcripts produced in DBA mice
carry exon C aberrantly spliced to the murine leukemia virus
sequence and then prematurely truncated, such read-through
transcripts are found more frequently in skin where exon C is
often spliced to exon D, than in brain where exon C is
predominantly spliced to exon E (Seperack et al., 1995). In the
brains of DBAmice, the correct neuronal splice variant (ABCE) is
expressed almost exclusively, and to an extent that is clearly
sufficient to support normal neurological development and brain
function.

In contrast to its expression in skin and brain, Myo5a
expression in the peripheral nervous system has received less
study. However, Myo5a has been identified in enteric nerves
(Drengk et al., 2000) as well as the peritracheal and peribronchial
plexuses (Buttow et al., 2006). Our previous work demonstrated
that Myo5a is a constituent of peripheral nerves in the gastric
fundus and corpus cavernosum (Chaudhury et al., 2011, 2012;
Chaudhury et al., 2014). With respect to the bladder, Myo5a has
been seen in the umbrella cells of the uroepithelium (Khandelwal
et al., 2013) as well as in bladder tissue at both mRNA and protein
levels, where its expression has been shown to increase then
decline in the detrusor during the course of streptozotocin-
induced diabetes (Yang et al., 2019). However, no study has
examined the particular Myo5a splice variants expressed in
bladder or the functional contribution of this motor protein to
bladder neurotransmission. We recently demonstrated that
multiple Myo5a splice variants exist in nerves of the myenteric
plexus, embedded between the gastric longitudinal and circular
muscle layers, as well as in their axons which course throughout
the smooth muscle (Carew et al., 2021). The repertoire of Myo5a
splice variants and their relative amounts in bladder nerves are
likely to be adapted to the particular demands for molecular cargo
transport that are relevant to neurotransmission in this organ.
Therefore, in the present work we first analyzed expression of
Myo5a splice variants, and then exploited theMyo5a deficiency of
the DBA mouse to correlate the molecular characteristics of
bladder Myo5a with the extent of excitatory neurotransmitter
release from bladder varicosities, as reflected by detrusor
contractile patterns.

MATERIALS AND METHODS

Animals
All animal procedures were approved by the Institutional Animal
Care and Use Committee of the VA Boston Healthcare System.
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Age-matched male C57/BL6 (RRID:IMSR_JAX:000664) and
DBA/2J (RRID:IMSR_JAX:000671) mice were obtained from
Jackson Labs (Bar Harbor, ME, United States). Following
euthanasia by CO2 asphyxiation, urinary bladders intended for
ex vivo functional studies were quickly removed and placed in
cold Kreb’s solution (NaCl 120mM; KCl 5.9mM; NaHCO3

25mM; Na2H3PO4 1.2mM; MgCl2 • 6H2O 1.2mM; CaCl2
2.5mM; dextrose 11.5 mM). The base of the bladder was
removed and the mucosa was separated from the detrusor by
sharp and blunt dissection under a stereomicroscope. Samples of
the detrusor (muscularis propria) intended for mRNA analyses
were stabilized by immediate immersion in RNA-later solution
(Sigma-Aldrich, St Louis, MO, United States), while those
intended for protein analyses were snap-frozen and stored at
−80°C until extraction. In addition, the cortical region of the
brain, a portion of skin, and the bladder mucosa were obtained
from each animal, stabilized in RNA-later or snap-frozen, then
analyzed in some aspects of this study. Bladder tissue with intact
mucosa to be used for histology was fixed in Bouin’s solution (7 h,
room temperature) and embedded in paraffin. Tissue intended
for confocal microscopy was embedded in OCT compound and
immediately snap frozen.

Histology
Full thickness bladder tissue sections fromWT (N = 3) and DBA
(N = 3) mice were cut on a microtome and processed with
hematoxylin and eosin (H&E) or Masson’s Trichrome (MT)
stains according to standard procedures, which were
performed at the Rodent Histopathology (DF/HCC) Core,
Harvard Medical School. In tissue sections stained with MT,
images were acquired from at least 6 regions of separate sections
from each bladder from each strain and the areas of collagen and
smooth muscle were determined by ImageJ software. The ratio of
collagen to smooth muscle was compared between WT and DBA
bladders.

Antibodies
Antibody to Myo5a was obtained from Sigma-Aldrich (St Louis,
MO, United States; M4812-LF18, RRID:AB_260545, referred to
as LF18). LF18 does not recognize a Myo5a target in the S91 cell
line, which was derived frommelanocytes of a Myo5a-null mouse
(Seperack et al., 1995), although it does recognize a target protein
present in normal melanocytes and in HeLa cells, which is
diminished in the presence of Myo5a-targeting siRNAs
(Lindsay and McCaffrey, 2011). Antibodies to the internal
control protein, β-actin (sc-47778, RRID:AB_2714189), to the
muscarinic M3 and M1 receptors (M3R, sc-9108, RRID:
AB_2291779; M1R, sc-365966, RRID:AB_10847359), to
vesicular acetylcholine transporter (VAChT, sc-7716; RRID:
AB_2188145), to the urothelial marker Uroplakin-3 (UPIIIa,
sc-166808, RRID:AB_2241422), and to the smooth muscle
marker myosin heavy chain (Myh11, sc-98705, RRID:
AB_2282267) were obtained from Santa Cruz Biotechnology,
Santa Cruz CA, United States). Antibodies to the neural markers
synaptophysin (ab72242, RRID:AB_1271107) and peripherin
were from Abcam (Cambridge, MA, United States) and
Chemicon International (AB1530, RRID: AB_90725). The

P2X1 purinergic receptor (P2X1R) antibody (APR-001, RRID:
AB_2040052) was from Alomone Labs (Jerusalem, Israel).
Horseradish peroxidase (HRP)-conjugated secondary
antibodies for Western blotting were obtained from Santa
Cruz (sc-2357, RRID:AB_2687626; sc-2357,RRID:AB_628497;
sc-2354, RRID:AB_628490), while AlexaFluor-conjugated
secondary antibodies for confocal microscopy were from
Thermo-Fisher Scientific (Waltham, MA, United States:
A11011, RRID:AB_143157; A21202, RRID:AB_141607;
A21467, RRID:AB_10055703).

Laser Scanning Confocal Microscopy
Full thickness WT bladder sections were cut on a cryostat
(10–12 µm) and fixed with cold acetone for 10 min. After
rinsing in phosphate buffered saline (PBS), sections were
blocked with 5% donkey serum and 0.05% triton X-100 in
PBS for an hour, then incubated overnight with rabbit
primary antibody against Myo5a (1:500 dilution.) After
extensive washing in PBS, sections were incubated with
fluorescent secondary antibody diluted in PBS for 2 h at room
temperature. Sections were double labeled with either mouse
anti-synaptophysin (1:10) or goat anti-VAChT antibody (1:200)
followed by anti-mouse or anti-goat AlexaFluor 488 (1:2000),
respectively. Secondary antibodies were affinity-purified to
reduce cross reactivity with endogenous or off-target species of
immunoglobulins. On other tissue sections, Alexa Fluor
488 conjugated-UPIIIa (1:250) was used to mark the urothelial
layer. Control slides in which the primary antibodies were
omitted from preparations were processed in parallel. Sections
were mounted using Fluoromount-G (Southern Biotech,
Birmingham, AL, United States) and examined by confocal
microscopy (Zeiss, LSM 710). For image acquisition of double-
labelled tissue, slides were scanned separately at each excitation
wavelength to minimize emission crosstalk.

RNA Extraction and Analyses
Total RNA purification was carried out using the Qiagen RNeasy
Plus Mini kit according to the manufacturer’s directions. Tissues
were disrupted in buffer RLT plus ß-mercaptoethanol using the
Tissue Lyser II mill-bead apparatus (Qiagen, Gaithersburg, MD,
United States) by two cycles of 2 minutes each at 30 Hz with a
5 mm stainless steel bead. RNA concentration and purity were
determined by ultraviolet spectrophotometry.

To prepare total RNA for reverse-transcriptase realtime PCR
(RT-PCR), 100 ng aliquots were converted to cDNA using the
High-capacity RNA to cDNA kit and random octamer primers.
The cDNA was then tested with universal PCR mastermix and
TaqMan primer/probe sets Mm00487823_m1,
Mm01146036_m1, Mm01170524_m1 and Mm01146042_m1
which detect, respectively, the N-terminal motor domain, exon
B, exon F, and the C-terminal globular tail domain of murine
Myo5a. All reagents were from Thermo-Fisher Scientific
(Waltham, MA, United States). RT-PCR was performed on an
Applied Biosystems QuantStudio 6 Flex under a standard
protocol of 40 amplification cycles of 15 s at 94°C and 60 s at
60°C. Each cDNA sample was assayed in triplicate for the primer/
probe sets, and normalized using an internal control reaction
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measuring 18S RNA. No-template controls were performed for
each assay, and the results were analyzed by the ΔΔCt method for
comparative gene expression.

For standard PCR, cDNA was prepared from 100 ng total
RNA using an oligo-dT primer and the Superscript IV (VILO) kit
(Thermo-Fisher Scientific). cDNA aliquots were used as
templates for PCR using a forward primer within Myo5a exon
A and reverse primer within the GTD. Products from this initial
PCR with primer pair 1 (see Table 1 for sequences) were purified
with the Qia-quick PCR-purification kit (Qiagen), then used as
templates for nested PCR with internal primers (pairs 2, 3 and 4.
Table 1). Twenty-five cycles of PCR under standard conditions
were performed in an Eppendorf thermal cycler (Hauppauge, NY,
United States) using the Taq PCR mastermix (Qiagen). PCR
products were assessed in comparison to mass standards before
and/or after digestion with restriction enzymes (Sty I or Ban II,
New England Biolabs, Ipswich, MA, United States), by
electrophoresis in Tris/acetate/EDTA buffer, on 2% MetaPhor
agarose gels (Lonza, Rockland, ME United States) containing
fluorescent Sybr-green dye. Gels were imaged using an
Amersham Imager 600 (General Electric, Pittsburgh, PA,
United States). The fluorescence intensity of each band was
measured and corrected for fragment size, then the percent of
fluorescent signal present in each band was calculated for each
lane, and the averages for WT and DBA detrusors were
determined.

Protein Extraction and Western Blotting
Tissues were homogenized in RIPA buffer (Santa Cruz
Biotechnology) supplemented with protease- and phosphatase-
inhibitor cocktails (Sigma Aldrich), using the Tissue Lyser II
apparatus by two cycles of 3 minutes each at 30 Hz with a
stainless-steel bead. Following centrifugation to remove
insoluble materials, total protein concentration was determined
with the bicinchoninic acid protein assay (Sigma Aldrich) by
measuring the absorbance at 280 nm with a biophotometer
(Eppendorf). Samples of equivalent protein concentration were
directly compared by electrophoresis, which was performed on
Nu-PAGE (either 3–8% Tris-acetate or 4–12% Bis-Tris gels)
followed by transfer to nitrocellulose membranes using the
iBlot II semi-dry apparatus (Thermo-Fisher Scientific). To
prevent non-specific antibody binding, blots were blocked in
Tris-buffered saline plus 0.05% Tween-20 with 5% dry milk.
Membranes were incubated overnight at 4°C with primary
antibodies, then after extensive washing were incubated for 1 h
at room temperature with HRP-conjugated secondary antibodies.
After further washing, protein bands were developed on the
membranes with Western-Lightening ECL reagents (Perkin-

Elmer, Waltham, MA), and visualized using the Amersham
Imager 600.

Functional Analyses
After the bladder base and mucosa were removed, bladder
smooth muscle tissue from each WT and DBA mouse was cut
into longitudinal strips and mounted for isometric tension
analysis, as described previously (Cristofaro et al., 2012).
Briefly, each strip was connected to a force transducer (Grass
Instruments, Middleton, WI, United States) on one end and to a
fixed hook on the other end. Tissue was mounted between
platinum electrodes in organ baths containing Krebs’s solution
maintained at 37°C and bubbled with a mixture of 95%O2 and 5%
CO2. Bladder tissue was stretched to passive tension of 0.5 g and
equilibrated for at least an hour. Data was acquired at 40 Hz by
DataQ data acquisition system driven by WinDaq software.

Neurally-mediated contractions were induced by electrical
field stimulation (EFS) over a range of frequencies (1–64 Hz,
40 V, 0.5 ms pulse width, 10 s duration). Features of the resulting
contractions were defined by the following parameters:
maximum amplitude, area under the curve (AUC), slope (the
first derivative of the rising phase, dF/dT), time to peak (interval
between start of contraction and peak force), as well as tau (time
constant of a decaying exponential fit to the descending phase of
the contraction below 50% of the peak). EFS-induced
contractions were repeated after cholinergic or purinergic
inhibition. The cholinergic component of the contraction was
inhibited with the muscarinic receptor antagonist atropine
(1 µM) by pre-incubating the tissue for 30 min. To inhibit the
purinergic component of the contraction, tissue was pre-
incubated for 30 min with the selective purinergic receptor
antagonists, NF449 (50 µM) and 5-BDBD (50 µM). The
contractile responses to KCl (120 mM), α-β-methyl-ATP
(10 µM) and carbachol (CCh, 10 µM), were also measured in
each bladder strip. In some experiments, contractile responses to
CCh were repeated in the presence of muscarinic M1 receptor
antagonist, pirenzepine (0.1 µM). At the end of each experiment,
the weight and length of each tissue strip was measured after
blotting excess liquid on filter paper. Active stress was calculated
as the measured force/cross-sectional area. NF449, 5-BDBD,
CCh, α-β-methyl-ATP, atropine and pirenzepine were
purchased from Sigma and Tocris (Minneapolis, MN,
United States).

Data Analysis
Differences between WT and DBA in band intensity on western
blots, fold change in gene expression, or contractile responses
were determined by Student’s t-test after testing for normality

TABLE 1 | Primers used for Myo5a PCR.

Primer pair Forward (59-39) Reverse (59-39)

1 GCAGAAACTGAAGACATTGCAC TCAGATTGACAGCCACACCA
2 ACTAGAGTATGAGTCTCTCAAGCG TCAGATTGACAGCCACACCA
3 ACTAGAGTATGAGTCTCTCAAGCG TCAGCCGGGTGATCTCATGCTGCAGG
4 ACTAGAGTATGAGTCTCTCAAGCG TGATACTTCTTAGGGTCATCGC
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and equal variance. If these assumptions were not met, a Mann-
Whiney U test or a Welch’s t-test, respectively was used.
Differences in EFS responses between groups before and after
antagonists were analyzed by a repeated measures two-way
ANOVA followed by Holm-Sidak test for multiple
comparison. Data are presented as mean ± SEM, and p < 0.05
were considered significant.

RESULTS

The animal strains used for these studies, C57/BL6 (homozygous,
expressing the wild-typeMyo5a allele, and referred to asWT) and
DBA/2J (homozygous, expressing a mutated Myo5a allele, and
referred to as DBA) were closely matched in general
characteristics. The mean age of WT animals was 20.2 ±
1.7 weeks old, which was not significantly different from that
of DBA animals (21.8 ± 1.7 weeks old). In addition, the average
body weight (30.38 ± 1.03 g) and bladder weight (0.0280 ±
0.009 g) of WT animals were not different from the average
body weight (30.03 ± 0.88 g) and bladder weight (0.0296 ±
0.002 g) of DBA animals.

Myo5a is Expressed in the Bladder and
Localized on Intramural Nerve Fibers
The presence of Myo5a protein in the WT bladder, examined by
confocal microscopy, was indicated by abundant
immunoreactivity for Myo5a distributed throughout the
bladder wall. As demonstrated by the co-localization of Myo5a

staining with immunoreactivity for the varicosity marker,
synaptophysin (Syp), as well as with the specific cholinergic
varicosity marker, vesicular acetylcholine transporter
(VAChT), Myo5a expressed in the detrusor layer was
predominantly localized in cholinergic nerve fibers (Figure 1).
No immunofluorescence was detected in negative controls
(Supplementary Figure S1). Positive immunoreactivity for
Myo5a was also detected within the urothelial and sub-
urothelial layers (Supplementary Figure S2).

To address whether theMyo5a gene was expressed to the same
extent in DBA as in WT bladders, the relative levels of Myo5a
mRNA and protein were determined in those tissues by RT-PCR
and immunoblotting, respectively. The relative regions of the
Myo5a transcript sequence identified by two Taq-Man assays are
widely separated and common to all potential full-length splice
variants, as shown in Figure 2. The pan-Myo5a N-terminal assay
spans the border between exons 8-9 within the region encoding
the motor domain, while the pan-Myo5a GTD assay spans the
border between exons 33–34 within the GTD. As shown in
Figure 3A, Myo5a expression measured with the N-terminal
assay was significantly higher in DBA detrusor compared to WT
detrusor. Inversely, the level of expression measured with the
GTD assay was significantly lower in DBA bladder than in WT
bladder. However, Myo5a expression in WT versus DBA brains
measured with the N-terminal assay was not different. Taken
together, these data suggested reduced full-length Myo5a
transcripts, despite increased transcriptional initiation in DBA
detrusor compared to WT detrusor.

Anticipating that expression of Myo5a protein would be
similarly decreased in DBA compared to WT detrusors,

FIGURE 1 | Expression of Myo5a in bladder tissue. (A–C) Laser scanning confocal microscopy of sections from WT detrusor detected Myo5a immunoreactivity
(red staining) on nerve fibers that were immunoreactive for the pan-neuronal marker synaptophysin (Syp, green staining). The merged image on the right shows co-
localization of these markers in yellow. (D–F) Immunoreactivity for Myo5a (red staining) and vesicular acetylcholine transporter (VAChT, green staining) in WT bladder
muscularis. Co-localization of these two proteins in the merged panel (yellow) indicates expression of Myo5a in cholinergic fibers of the urinary bladder. Arrows
indicate serosa. (Scale bar = 50 µm; Mag ×40).
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immunoblotting was performed with the same antibody used for
Myo5a detection in Figure 1. The epitope for antibody LF-18 is
residues 1782–1799 within the GTD, which is present in all
Myo5a splice variants. In tissue lysates from both WT and
DBA detrusor, a protein band of electrophoretic mobility
consistent with the predicted Myo5a molecular weight
(~200 kDa) was detected. Because alternative exons B, D, and
F are small (3, 27, and 25 amino acids respectively, compared to
1850 amino acids forMyo5a without these exons), it was expected
that different variant proteins would be difficult to resolve from
one another by gel electrophoresis. However, and in contrast to
the Myo5a mRNA expression findings, Myo5a protein band
intensities were not different between WT and DBA detrusors
(Figure 3B). The reason for this result is not known, but was
somewhat surprising, since the RT-PCR results of Figure 3A had
implied that, in DBA detrusor, a significant fraction of Myo5a
transcripts likely contained exon C incorrectly spliced to the
ectopic Emv-3 sequence rather than to exon D or exon E,
producing incomplete transcripts which could not be
translated into a functional protein.

Expresssion of Myo5a Exons D and F in
Bladder Varies by Genotype
Intriguingly, the discrepancy between WT and DBA detrusors,
but not brains, with regard to total Myo5a measured by the
N-terminal pan-Myo5a assay, also implied that non-brain Myo5a
splice variants were expressed among the full-length Myo5a
transcripts of bladder nerves. To examine detrusor Myo5a for

the presence of alternative exons B, D and F, additional RT-PCR,
as well as standard PCR experiments (schematized in Figure 2),
were carried out.

The relative expression of Myo5a mRNA in WT versus DBA
detrusor was compared using TaqMan assays targeted within the
alternative exon region of the Myo5a transcript. One assay
employed spans exon B while the second is directed against
the exon F/GTD junction. Because these assays positively identify
the hallmark exons of “brain” (exon B) and “skin” (exon F)
among Myo5a transcripts, samples from skin and brain were
concurrently assessed as controls for detrusor. (Data obtained in
parallel for bladder mucosa are presented in Supplementary
Figure S2)

The results, shown in Figure 4, corroborate several key
conclusions that have previously been established. Brain
Myo5a mRNA overwhelmingly included exon B, and exon B
expression was comparable in the brains of WT and DBA
animals. Also, exon B was undetectable in skin, while exon
F-containing variants were abundant in WT skin, but
significantly reduced in DBA skin. However, the data also
illustrated several unexpected features of Myo5a expression in
the detrusor. First, exon B was not detected in bladder of either
WT or DBA animals (Figure 4A). In contrast, exon F expression
was seen in all WT tissues examined, including the brain (albeit at
low levels). Furthermore, in comparison to the corresponding
WT tissue, DBA detrusor evinced significantly reduced exon F
expression (Figure 4B).

The hypothesis that DBA bladder was deficient in the larger
Myo5a splice variants was also investigated by standard PCR and

FIGURE 2 | Myo5a schematic. Schematic of Myo5a mRNA/cDNA, depicting regions encoding the major structural domains of the Myo5a protein monomer: the
ATP hydrolyzing/actin binding motor domain, the light-chain binding IQ domain, the central dimerization domain, the alternative exon domain, and the globular tail/cargo
binding domain. Three coiled-coil regions (CC1, CC2, and CC3) have been described and are shown in the second line; CC1 and CC2 are within the dimerization
domain, while CC3 is intact only in variants that do not contain exon F (such as the predominant brain form of Myo5a, ABCE), since it includes part of exon E
sequence and part of globular tail domain sequence. CC3 is bisected by exon F, if present. Alternative exons are shown in the expansion; sequence encoding the
constitutive exons A, C and E and the optional exons B, D and F are indicated by solid and speckled patterns, respectively. The red arrow indicates the position of the
molecular defect in the Myo5a gene in the DBA mouse, which impairs mRNA splicing. Below, the products of detrusor nested PCR reactions are shown, as are the
locations of restriction enzyme cleavage sites. The absence of exon B (and its diagnostic Sty I restriction site) in detrusor nested PCR products is indicated by the dashed
line. The red lines indicate the positions of the RT-PCR assays employed.
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restriction enzyme analysis, a method which confers two
advantages. First, it allows direct demonstration of the
presence/absence of exon D (for which no RT-PCR reagents
are available) and second, it permits amplification of fragments
large enough to encompass multiple alternative exons, so that
their linear arrangements can be discerned. Inspection of the
sequence of murine Myo5a indicated that there are, within the
common exons (A, C and E), a single consensus sequence apiece
for restriction enzymes Sty I and Ban II (Figure 2). The
nucleotide sequences encoding the alternative exons revealed
that exon B introduces a second consensus Sty I site, while
exon D introduces a second Ban II site. The susceptibility of
PCR products to digestion and the relative sizes of the fragments
generated with these enzymes (see Table 2) thus indicate
compositions and linear arrangements of alternative exons in
Myo5a bladder transcripts.

Primer pair 2 is predicted to generate nested PCR fragments
spanning the entire alternate exon region, and ranging in size
between 824 base pairs (bp) (for ACE, the smallest possible
product) and 989 bp (for ABCDEF, the largest possible
product). Figure 5A depicts the nested PCR products obtained
from brain and detrusor cDNAs of a WT and of a DBA animal
using this primer pair, as well as their restriction digestion
patterns. The masses of the predominant WT and DBA brain
products were identical. Since exon B is only 9 bp long, its
presence cannot be inferred from uncut fragment mass alone.
However, the brain product was cleaved by Sty I into fragment
sizes indicative of exon B inclusion. When brain PCR products
were digested with Ban II, no digestion product suggesting the

FIGURE 3 | Overall Myo5a expression in bladder. (A) cDNA from brains
and detrusors of WT (black circles,N = 3) and DBA animals (gray squares,N =
3) was assayed in triplicate for the two different pan-Myo5a RT-PCR primer/
probe sets indicated, and for 18S rRNA as internal control. Expression
was determined by the ΔΔCt method and graphed relative to WT within each
organ. Comparison of WT vs. DBA brain was not significant (p = 0.67), but of
WT vs. DBA detrusor was significantly higher for the N-terminal (N-t) assay and
lower for the globular tail domain (GTD) assay (*p < 0.05). (B) Representative
immunoblot (inset box) and quantitative graph showing the expression of
Myo5a protein in lysates from WT (black circles, N = 3) and DBA detrusors
(gray circles, N = 3). 30 µg aliquots of detrusor extracts were immunoblotted
with Myo5a antibody (LF-18). Brain extract was loaded in lane 1 as a positive
control. When intensities of the ~200 kDa Myo5a band were corrected for
intensities of the 42 kDa ß-actin loading control, WT and DBA Myo5a protein
levels were not significantly different (p = 0.4).

FIGURE 4 | Relative expression of variant exons in WT and DBA tissues.
cDNAs made from total RNA of brain, skin and detrusor of WT animals (black
circles,N = 4) and DBA animals (gray squares,N = 3) were assayed in triplicate
for Myo5a exon B or for exon F with their specific TaqMan assays, and
for 18S rRNA as an internal control. Expression was determined by the ΔΔCt
method and graphed relative to WT within each tissue. Horizontal line
indicates average relative expression ±SEM. (A) Expression of exon B in brain
was not different in DBA compared to WT (p = 0.67). In detrusor and skin,
exon B was not detected (nd) and therefore differences between strains could
not be determined. (B) Expression of exon F was lower in DBA brain, skin and
detrusor (*p < 0.05) than in corresponding WT tissues.
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presence of exon D or exon F was recovered, confirming their
assignment as the expected arrangement, ABCE.

The same nested PCR performed on the WT and DBA
detrusors presented a more complex pattern, with each
genotype having at least two products giving rise to a mixture
of digestion fragments. Confirming the RT-PCR results, Sty I
digestion did not generate the 246 bp fragment diagnostic for
exon B, which had been obvious in the digested brain PCR
samples. In contrast, Ban II digestions were distinct according
to strain. In the Ban II digest from WT detrusor, fragments
suggesting arrangements ACDEF and ACDE among the initial
products were evident. An approximately 250 bp fragment was
identified, independently confirming inclusion of exon D in some
WT detrusor products. However, the latter fragment was not
visible in the Ban II digest of DBA detrusor products, where
instead there was a prominent digestion fragment of
approximately 750 base pairs, suggesting the presence of
ACEF in the initial mixture (Figure 5A).

Exclusion of exon B from detrusor Myo5a, coupled with
inclusion of exons D and F, suggested that the splice variants of
bladder nerve Myo5a more closely resembled the pattern of skin
than of brain. To explore this possibility, skin and brain from a
secondWT and DBA animal pair were used for nested PCR with
primer pair 2, digested with Ban II, and compared to detrusor
products by agarose gel electrophoresis (Figure 5B). Again, the
brain digestion patterns indicated a single predominant
product, consistent with arrangement ABCE. The WT
detrusor digestion pattern indicated ample amounts of
arrangements ACDE and ACDEF, while the DBA detrusor
pattern indicated predominantly ACE with minor
contributions from ACEF and ACDE. The WT skin pattern
suggested that there was a predominant splice variant in this
particular sample, and Ban II digestion identified it as ACDE,
although fragments indicative of ACDEF and ACEF were also
detected. Products from the DBA skin sample were digested by
Ban II into fragments indicating that ACE was the most
abundant variant amplified, with lesser amounts of ACEF,
ACDE and ACDEF. Thus, Ban II digestion confirmed that

Myo5a of WT skin included exons D and F, while DBA skin
was deficient.

To more rigorously interrogate multiple detrusor cDNA
samples for inclusion of exon D, nested PCR was also done
with primer pair 3 (Figure 6A), in which the forward primer is
situated near the 3’ side of exon A and the reverse primer within
exon E. Given the location of the primers, only two fragments
were possible, differing in mass by the 81 bp encoding exon D.
The amount of each fragment was quantitated as a fluorescent
signal, corrected for fragment size, and compared to the other
independent samples across the gel. Both the minus-exon D and
plus-exon D products were observed inWT detrusor samples, but
the plus-exon D product was significantly greater in WT
compared to DBA detrusor (Figure 6B). Consequently, the
minus-exon D product predominated in DBA detrusor samples.

The presence of exon D in PCR products that also included
exon F was examined by nested PCR with primer pair 4, in
which the forward primer sequence was again located within
exon A but the reverse primer sequence was entirely within exon
F (Figure 6C). In this reaction also, only two PCR products were
possible, differing in undigested mass depending on the
inclusion of exon D, which introduces a cleavage site for
restriction enzyme Ban II. Cleavage of the larger, exon
D-containing product generated a pair of smaller bands. The
results indicated that in both WT and DBA detrusors, exon F
was found predominantly in a linear arrangement with exon D.
However, the proportion of the PCR product including both
exons D and F was greater in WT detrusor (~86%) than in DBA
detrusor (~62%), and this difference was significant
(Figure 6D).

Intrinsic Contractile Properties are
Comparable in WT and DBA Detrusors
The histological features observed by H&E staining of bladder
sections were comparable between WT and DBA mice. Tissue
architecture, consisting of a distinct luminal epithelium, a
collagen-rich lamina propria, and an outer layer of smooth

TABLE 2 | Nested PCR products and digestion fragments.

Primer Pair Exons Uncut (bp) Sty I (bp) exon B Ban II (bp) exon F

2 +B + D + F 989 246, 649, 94 177, 228, 584
+B + D − F 914 246, 674, 94 177, 228, 509
+B − D + F 908 246, 568, 94 177, 656
+B − D − F 833 246, 493, 94 177, 731
−B + D + F 980 886, 94 177, 219, 584
−B + D − F 905 811,94 177, 219, 509
−B − D + F 899 805, 94 177, 722
−B − D − F 824 730, 94 177, 647

3 −B + D 421 421 200/221
−B − D 340 340 340

4 −B + D + F 475 475 200/275
−B − D + F 394 394 394

PCR products generated using primer pairs 2—4 for the potential alternative exon sequence arrangements shown in the second column are given in base pairs (bp). Digestion of these
products with restriction enzyme Sty I or Ban II, is predicted to generate fragments of the sizes shown. Digestion fragments which are common to digestion of all potential sequences are
depicted in regular type; those which confirm the presence or absence of exon B or exon D in each context are shown in bold type. For PCR with primers pairs 3 and 4, sequences with
exon B were not considered, since it is not detectable in detrusor.
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muscle bundles appeared to be normal in DBA bladders
(Figure 7A). Additionally, the ratio of collagen to smooth
muscle area, determined by quantification of MT images, was
not different between strains (Figures 7B,C). The expression of
the smooth muscle marker, myosin heavy chain (Myh11), was
not different between WT and DBA detrusors (Figures 7D,E).
These findings confirm the absence of morphological
abnormalities in DBA bladder such as fibrosis, hypertrophy, or
contractile protein deficits that could negatively alter smooth
muscle responses. The functional integrity of the intrinsic
contractile machinery of DBA bladder smooth muscle was
established by measuring isometric tension in response to a
high potassium Kreb’s solution (HPK, 120 mM KCl). The

amplitudes of contractions induced by HPK were not different
between WT and DBA mice (Figure 7F).

Contractile Responses to Nerve Stimulation
are Impaired in DBA Mice
Functional studies were performed to determine whether differences
in Myo5a variant expression were associated with differences in
neuromuscular transmission between WT and DBA detrusors. To
determine whether the extent of detrusor innervation was
comparable between strains, the expression of the nerve marker,
peripherin (an intermediate neurofilament protein), was determined
by Western blot. No difference in immunoreactivity for peripherin
was detected in WT and DBA detrusor lysates (Figure 8A).
Frequency-dependent force generation in response to EFS-
induced nerve stimulation was detected in both WT and DBA
detrusors (Figure 8B). However, the contractile responses to EFS in
DBA detrusors were significantly lower in amplitude at all
stimulation frequencies, and in AUC at frequencies of stimulation
below 64Hz, compared to WT detrusors (Figures 8C,D). In
addition, compared to WT, the frequency response curves in
DBA detrusors were characterized by reduced rate of rise, longer
time to peak (significant at 8–32 Hz), as well as slower rate of decay
(significant at 16–64 Hz), (Figures 8E–G).

After inhibition of the purinergic component of the
neurogenic contractions, the amplitude of EFS responses was
significantly decreased in bothWT and DBA detrusors compared
to baseline responses (Figures 9A,B). The effect of purinergic
inhibition was frequency dependent in DBA detrusor tissue, but
not in WT tissue. In DBA detrusors, the extent of inhibition was
significantly less than that seen in WT detrusors at frequencies
greater than 8 Hz (Figure 9C).

Inhibition of the cholinergic component decreased the
amplitude of EFS responses in both WT and DBA bladder
tissues compared to their respective baseline responses
(Figures 9D,E). The effect of atropine generally increased with
higher frequencies in both groups. At frequencies below 16 Hz in
DBA tissue, the cholinergic component was significantly lower
than that of WT tissue (Figure 9F).

To assess the capacity of WT and DBA detrusor smooth muscle
to respond to purinergic stimulation, the amplitude of contractions
induced by exogenous administration of the P2X1R agonist, αβ-
meATP, was measured. No significant difference in the responses of
WT and DBA bladders was observed (Figure 10A); furthermore,
expression of the predominant purinergic receptor, P2X1R, was
comparable in WT and DBA detrusor lysates (Figures 10B,C).
These data indicate that smooth muscle contractions mediated by
post-junctional purinergic activation are normal in DBA detrusor.

While contractions induced in response to administration of the
cholinergic agonist CCh were significantly lower in DBA detrusors
than WT detrusors (Figure 11A), expression of the M3R was not
different (Figures 11B,C). To resolve these divergent findings,
responses to CCh were repeated in the presence of pirenzepine, a
selective inhibitor of the muscarinic M1R. This receptor is expressed
in bladder nerve fibers where it facilitates pre-junctional release of
acetylcholine (Somogyi et al., 1994; Chess-Williams, 2002). In WT
detrusors, the amplitude of the CCh response decreased significantly

FIGURE 5 | Myo5a splice variants in tissues of WT and DBA mice. (A)
Illustration of differential Myo5a variant expression pattern in detrusor and
brain from WT and DBA mice. Nested PCR fragments of brain and detrusor
cDNAs from aWT and a DBAmouse pair were prepared with primer pair
2, then compared by agarose gel electrophoresis either undigested or
digested with Sty I or Ban II, as shown above the lanes. A 50 base pair (bp)
ladder with weighted 350 bp standard is at left. Contrast was adjusted
separately for the standard lane, to bring out the positions of the smaller
standards. (B)Nested PCR fragments prepared from brain, skin, and detrusor
of a WT and DBA mouse with primer pair 2, were compared before and after
digestion with Ban II. A100 bp ladder with weighted 600 bp standard is
shown and contrast was adjusted separately. All lanes were from a single gel;
those for detrusor PCRs and digests were moved to the right, so that sizes of
the standard fragments could be added.
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FIGURE 6 | Myo5a exons D and F in bladders from WT and DBA mice. (A) Nested PCR fragments from detrusors of WT (N = 6) and DBA (N = 5) animals were
prepared with primer pair 3 and electrophoresed. A representative agarose gel with bands corresponding to fragments with and without exon D from threeWT and three
DBA detrusors is shown, with individual WT and DBA brain samples as controls. Exposure of the 50 bp standard lane, with weighted 350 bp band, was adjusted
separately. (B) The intensity of +D bands is graphed as a proportion of total intensity in each lane (sum of +D and −D) and plotted for WT (black circles), and DBA
(gray squares). Horizontal line indicates average intensity in % ± SEM for the +D band in all replicates. The comparison between WT and DBA detrusor was significant
(*p = 0.015). (C) Nested PCR fragments from detrusor of three WT and three DBA animals were prepared with primer pair 4, digested with Ban II to cleave the +D band,
and electrophoresed. The relative positions of detrusor exon F-containing digestion fragments including or lacking exon D are indicated, and a flanking lane with 100 bp
standards is marked. Contrast for the standard lane was adjusted separately. (D) Data are graphically represented; the horizontal line indicates average intensities in % ±
SEM for PCR product containing exon D (black circles, WT; gray squares, DBA) are graphed. Coincidence of exons D and F in the same cDNA fragment was significantly
reduced in DBA detrusor (p = 0.03).

FIGURE 7 | Morphologic, functional and molecular evaluation of bladder smooth muscle contractile apparatus. Histomorphometric evaluation of bladder tissue
sections stained with H&E (A) and MT (B) from WT (N = 3) and DBA (N = 3) mice (Mag X10, scale bar 50 µm, arrows indicate serosa). (C) Quantification of the collagen/
smooth muscle (SM) ratio was comparable between WT (black bar) and DBA (gray bar) bladders. (D) Representative Western blot and (E) quantitative graph of intensity
of myosin heavy chain (Myh11) immunoreactivity detected in protein lysates from mucosa-denuded WT and DBA bladders. Band intensities in WT (black circles,
N = 3) were not different from DBA (gray squares, N = 3) when normalized by ß-actin, which was used as the loading control. (F)Contractile responses induced by direct
smooth muscle depolarization achieved by KCl 120 mM in WT (N = 11, black bar) and DBA (N = 13, gray bar) bladders were not different.
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FIGURE 8 | Contractile responses to EFS in WT and DBA bladders. (A) Representative membrane and quantitative graph showing the expression of neuronal
marker peripherin in WT (N = 3, black circles) and DBA (N = 3, gray squares) detrusor lysates. The intensity of both immunoreactive bands, corresponding to the ~56 and
~58 kDa peripherin isoforms (Landon et al., 2000) were normalized by internal control β-actin. No differences in peripherin expression were detected between WT and
DBA detrusors. (B) Representative tracing showing the contractile responses to EFS at frequencies between 2 and 64 Hz in WT (top trace) vs. DBA (bottom trace)
detrusors. (C) The amplitude and (D) the area under the curve (AUC) of EFS-induced contractions of WT (black circles) and DBA (gray squares) detrusor tissue are
plotted. Contractile responses of DBA detrusor were significantly lower than that of WT detrusor over a range of frequencies, as indicated by the asterisks. (E) The peak
rate of rise of the ascending phase of the contraction, (F) the time to peak, as well as (G) the rate of decay (Tau) of the descending phase of the neurogenic contractions
are graphed for WT (black circles) and DBA (gray squares) detrusors. Especially at middle to higher frequencies of stimulation, contractions in DBAmice were significantly
decreased in slope with delayed time to peak and prolonged recovery time, compared to those measured in WT (N = 11 WT, N = 13 DBA; *p < 0.05).
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in the presence of pirenzepine to 70 ± 0.24% of the CCh response
generated under baseline conditions (p = 0.033). In contrast,
pirenzepine did not significantly alter the amplitude of CCh-

induced contractile responses in DBA detrusors (90 ± 0.22% of
the baseline response). Therefore, in the presence of pirenzepine, the
CCh response in WT tissue was not different from DBA detrusors

FIGURE 9 | Purinergic and cholinergic inhibition of neurally evoked contractile responses. Effect of post-junctional inhibition on the frequency-response curves in
WT [(A,D), black symbols] and DBA [(B,E), gray symbols] detrusors. Contractile responses to EFS in the absence (triangles) versus the presence (diamonds) of P2XR
antagonists (NF449 and 5BDBD) in detrusors from (A) WT and (B) DBA mice. Following purinergic inhibition, responses to EFS of both WT and DBA detrusors were
significantly reduced at all frequencies as indicated by asterisks. Data are normalized by the baseline response (without inhibitors) at 32 Hz. (C) Compared to WT
(black circles), the reduction in force relative to the baseline response due to purinergic inhibition (change from baseline) was significantly lower in DBA detrusors (gray
squares) at frequencies of stimulation above 8 Hz (*significantly lower than WT at this frequency; # significantly lower than 2 and 4 Hz within DBA). Comparison of the
effect of muscarinic receptor antagonist atropine on nerve-mediated contractile responses in (D) WT and (E) DBA detrusors. Normalized force is graphed versus
stimulation frequency, in the absence (triangles) and presence (diamonds) of atropine. Data are normalized by baseline responses at 32 Hz. Atropine significantly
reduced the responses of both WT and DBA detrusor to EFS at frequencies greater than 1 Hz (*). (F) The inhibitory effect of atropine on nerve mediated responses
relative to baseline conditions was significantly less in DBA (gray squares) at stimulations from 1 to 8 Hz compared to the effect in WT (black circles). (* significantly lower
thanWT at this frequency; # significantly higher than 1–4 Hzwithin DBA;⇞ significantly higher than 1 and 2 Hz within DBA;⇟ significantly different than 1, 2, 32 and 64 Hz
within WT; $ significantly lower than 8–32 Hz within WT (N = 11 WT, N = 13 DBA, symbols indicate p < 0.05)).

FIGURE 10 | Purinergic responses of WT and DBA bladders. (A) Comparison of the contractile response of WT (black bar) and DBA (gray bar) bladder smooth
muscle to the purinergic receptor agonist, αβmeATP (10 µM). Contractions of WT and DBA bladders were not significantly different under this condition (N = 11 WT, N =
13 DBA; p = 0.21). (B)Western blot comparing expression of the P2X1 purinergic receptor inWT and DBA extracts from bladder tissue devoid of mucosa. β-actin, shown
in bottom panel, served as loading control. Molecular weights of mass standards (in kDa) are indicated at tick marks. (C)Quantitative data for WT (black circles) and
DBA (gray squares) are graphed at right. The intensity of P2X1 receptor immunoreactivity, normalized by intensity of β-actin, was not different between groups (N = 3,
p = 0.2).
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(Figure 11D). Moreover, the expression of the M1 receptor was
comparable in WT and DBA detrusors (Figures 11E,F).

DISCUSSION

The motor protein Myo5a has been shown to facilitate directed
vesicle motion along actin fibers; however, its role in bladder
neurotransmission has not been previously explored. The data
presented in this study establish that Myo5a is expressed by and
localized in peripheral nerves of the urinary bladder. Notably, the
well-characterized brain variant of Myo5a (which is abundant in
neurons of the central nervous system) was not detected in
detrusors of either DBA or WT animals, which are
homozygous for, respectively, mutated and wild-type Myo5a
alleles. The expressed Myo5a detrusor variants also differed by
genotype. Moreover, compared to detrusors from WT mice,
neurogenic contractions were attenuated in DBA detrusors.
Together, these results indicated that Myo5a-dependent
processes are crucial for efficient excitatory neurotransmission
in the bladder, and demonstrated that molecular changes in
Myo5a structure can be reflected in functional deficits in
neurotransmission in this organ.

The seminal studies of Myo5a in the DBA mouse were largely
confined to analysis of the mRNAs transcribed, and

demonstrated that incorrectly spliced transcripts including
Emv3 viral sequence could be identified in both brain and
skin, but were more prevalent in skin. It was inferred that
sufficient Myo5a brain variant protein was expressed in
neurons to support normal development and neurological
function in these mice, but that insufficient Myo5a skin
variant proteins were expressed in melanocytes to support
typical pigmentation (Seperack et al., 1995). This is consistent
with our findings showing that the expression of the Myo5a brain
variant incorporating exon B was not different between WT and
DBA brains. Indeed, it has long been believed that dilute/gray fur
color is the only phenotype of DBA mice resulting from their
particular genetic alteration in the Myo5a gene. Compared with
the more severe, and often lethal, phenotypes described in other
Myo5a mutant strains, DBA mice do not display overt
neurological dysfunction. However, we found reduced Myo5a
expression in the detrusor of these mice, pointing to a previously
unexplored autonomic peripheral neuropathy. Interestingly,
elevated transcriptional initiation was also suggested in DBA
compared to WT detrusor using the pan-Myo N-t realtime PCR
assay, which targeted an exon boundary upstream of the
alternative exon region. In contrast, the pan-Myo GTD assay,
which targeted an exon boundary downstream of that region
indicated reduced production of full-length Myo5a transcripts.
This discrepancy implied that, despite a higher initiation of

FIGURE 11 | Cholinergic responses of WT and DBA bladders. (A) Contractile responses of DBA (gray bar) bladder smooth muscle to the muscarinic receptor
agonist CCh, was significantly lower thanWT (black bar) responses (N = 11WT,N = 13 DBA, *p = 0.041). (B)Western blot comparing expression of M3R inWT and DBA
bladder smooth muscle extracts, relative to β-actin loading control. The molecular weight in kDa of mass standards are shown by the tick marks. (C) Quantitative data
indicate that muscarinic M3R expression in WT (black circles) and DBA (gray squares) detrusors was not significantly different (N = 3, p = 0.8). (D) Contractile
responses induced by CCh in WT and DBA detrusors were generated before (black bars) and after (gray bars) inhibition of the M1R inhibitor with pirenzepine. In WT
detrusors, CCh-evoked contractions were significantly inhibited by pirenzepine (N = 7; *p = 0.008), while contractions in DBA detrusors were not affected (N = 5, p =
0.31). In the presence of pirenzepine, the contractile response to CCh in WT was not different from DBA (p = 0.25). (E) Western blot comparing the expression of the
facilitatory muscarinic receptor, M1R, in three WT and three DBA bladder muscularis extracts. Molecular weight in kDa of mass standards is indicated at tick marks. (F)
The intensity of M1R immunoreactivity, normalized to the β-actin loading control, was not significantly different in WT (black circles) and DBA (gray squares) bladders (N =
3, p = 0.7).
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Myo5a transcription in DBA detrusor, fewer authentic processed
transcripts were produced than in WT detrusor, presumably due
to the misincorporation of viral sequence and premature
termination of chimeric transcripts.

Our previous work challenges the viewpoint that Myo5a-
dependent neurotransmitter transport is largely spared in the
DBA mice. Our group previously provided evidence of subtle
functional defects in peripheral innervation in DBA animals
affecting the gastric fundus and the corpora cavernosa of the
penis, organs in which nitric oxide and ATP are inhibitory
neurotransmitters. We demonstrated impaired relaxation
responses in DBA, attributing them to a reduced ability of
Myo5a to effect transport of neuronal nitric oxide synthase
(the enzyme that is activated and produces nitric oxide at the
varicosity membrane), and of synaptic vesicles carrying ATP
(Chaudhury et al., 2011, 2012; Chaudhury et al., 2014). Those
data indicated a role for Myo5a in non-vesicular as well as
vesicular transport of inhibitory neurotransmitters along
peripheral nerve endings. The data presented here extend our
observations to transport of excitatory neurotransmitters in
efferent nerves of the urinary bladder, and additionally suggest
that the exon D/F splice variants of Myo5a are involved in this
process.

In rodent urinary bladder, the neurotransmitters acetylcholine
and ATP are primarily responsible for parasympathetic contractions
through activation of muscarinic M3 receptors and purinergic P2X1

receptors, respectively. Profound deficits in neurally-mediated
responses were detected in DBA mice in this study, even though
age, body or bladder weights, bladder tissue morphology, receptor-
independent detrusor contractions, and the integrity of innervation
were not different from those of WT mice. Given the comparable
expression and function of purinergic receptors in DBA and WT
bladder smooth muscle, the reduction in neurally-mediated
contractile responses observed in DBA mice is consistent with a
pre-junctional defect in release of ATP, rather than an altered
smooth muscle response to direct purinergic receptor activation.
Similarly, no differences between DBA and WT were detected in
muscarinic receptor expression or in the contractile response to
concurrent smooth muscle muscarinic receptor activation and
presynaptic M1R inhibition. The lack of effect of pirenzepine in
DBA detrusors likely reflects reduced acetylcholine release that is
insufficient to provoke appreciable presynaptic facilitation. Together,
these data provide evidence of reduced neurotransmission in DBA
detrusors despite normal operation of smooth muscle contractile
machinery.

Several aspects of neurotransmission were found to be defective
in DBA detrusors. Both amplitude and AUC of nerve-mediated
contractions were significantly lower in DBA compared to WT, and
the temporal course of EFS-induced contractions was also
remarkably different. With unaltered post-junctional contractility,
the slower rate of the rising phase of contractions along with the
longer time to peak and decay time constant of DBA contractions
likely reflect a reduced amount and dampened kinetics of
neurotransmitter release. Furthermore, the extent to which the
purinergic and cholinergic components of neurogenic
contractions were reduced in DBA detrusors displayed a
complementary pattern that depended on the stimulation

frequency. In particular, the effect of purinergic inhibition was
similar in DBA and WT detrusors at lower frequencies, but
became significantly reduced at higher frequencies (16–64 Hz). In
contrast, cholinergic inhibition was less efficient in DBA thanWT at
frequencies up to 8 Hz, but similar to WT at higher frequencies of
stimulation. These data are fully consistent with the diminished
amplitude of EFS-induced contractions over the entire range of
frequencies observed in DBA in the absence of receptor antagonists
and suggest a frequency-dependent susceptibility of
neurotransmitters to altered Myo5a splice variants in these mice.

The specific contribution of individual Myo5a splice variants to
bladder neurotransmission have not been addressed in this initial
study. However, one important implication of the data we present
here is that variants with exons D/F but which lack exon B, are
required for the Myo5a-dependent transport of ATP- and
acetylcholine-containing synaptic vesicles in bladder motor nerve
varicosities. To our knowledge, this is the first indication of a role for
these Myo5a variants in excitatory neurotransmission.

Identification of the splice variants comprising the population of
Myo5a proteins in the detrusor may be relevant for predicting their
interacting Rabs (the membrane-bound GTPases which regulate all
aspects of vesicle trafficking) and ultimately their neurotransmitter-
containing cargo. For example, exon D has been shown to mediate
interactions betweenMyo5a and Rabs 8a and 10 (Roland et al., 2009;
Lindsay et al., 2013), which in adipocytes facilitateMyo5a-dependent
translocation of Glut4-containing vesicles to the plasma membrane
(Chen et al., 2012; Sun et al., 2014). Moreover, exon F is required for
the Myo5a-dependent transport of melanosomes, forming a
tripartite complex with melanophilin and the melanosome
membrane binding protein, Rab27a (Lambert et al., 1998; Au and
Huang, 2002; Fukuda et al., 2002; Wu et al., 2002). Additional roles
for exon F are emerging from studies conducted in other cell types,
perhaps reflecting the structural influence that exon F exerts on
Myo5a conformation (Figure 2; Seperack et al., 1995; Au and
Huang, 2002) which could markedly affect GTD-cargo
interactions. Effector proteins such as MyRIP (myosin and
Rab27a interacting protein) and rabphilin bind to Rab27a and
Myo5a in endocrine cells (Desnos et al., 2003; Brozzi et al.,
2012). In endothelial cells, multimers of the hemostatic protein,
von Willebrand factor, are secreted from specialized granules
(Weible-Palade bodies) in a process involving Rab27a, MyRIP,
and the Myo5a variants ABCEF and ABCDEF (Rojo Pulido
et al., 2011). In the urothelium, Myo5a complexes with Rab27b
to tether uroplakin-positive fusiform vesicles to cortical actin
filaments in umbrella cells (Wankel et al., 2016). Also, several
Rabs (3a, 10, 11, 14, and 27b) which bind to Myo5a either
directly or through an accessory protein, associate with synaptic
vesicles in neurons (Pavlos et al., 2010; Lindsay et al., 2013). Our
future work will examine the interactions of bladder Myo5a variants
with these vesicle constituents to discern their mechanisms of action
in neurotransmitter secretion.

CONCLUSION

Myo5a is involved in multiple and sequential effector interactions
during the transport, tethering and release of neurotransmitter-
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containing vesicles at nerve varicosities. In murine bladder nerves,
the shorter Myo5a variant characteristic of brain neurons (ABCE),
was not detected while longer variants typical of skin (ACDE, ACEF,
ACDEF) predominated. Reduced total Myo5a expression, as well as
limited production of these longer splice variants, are factors
implicated in deficiencies of neurogenic smooth muscle
contraction in DBA bladder described here. This first study of
Myo5a splice variants in peripheral motor nerves in the bladder
may have broader implications for Myo5a-dependent
neurotransmission in other visceral organs, with the array of
splice variants expressed, as well as the ratios among them,
reflective of the particular functional requirements of each organ
and cell type.
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Supplementary Figure S1 |Negative control for immunofluorescence microscopy.
Confocal microscopy image of mouse bladder tissue sections (12 µm) in which the
primary antibody was omitted (left image) showed no green fluorescent signal
compared to tissue incubated for the same amount of time with mouse anti-
Synaptophysin antibody (Abcam SY38, 1:10; right image). Alexa Fluor 488
donkey anti-mouse IgG (H + L) highly cross-adsorbed secondary antibody (A-
21202, RRID AB_141607; Thermo-Fisher) was applied on both preparations at
dilution of 1:2000. The superimposed differential interference contrast image (DIC)
delineates tissue morphology (Magnification ×40, scale bar 50 µm).

Supplementary Figure S2 | Myo5a localization and variant expression in bladder
mucosa. (A) Image from confocal microscopy of bladder sections stained with
Myo5a antibody (red staining) and counterstained with urothelial marker uroplakin-3
(UPIII, green staining). Differential interference contrast (DIC) image was
superimposed to visualize tissue anatomy. Myo5a showed abundant
immunoreactivity in nerves fibers running within the muscle bundles as well as in
the lamina propria. Less intense staining for Myo5a was detected in the urothelial
layers as shown by the merged image (Scale bar = 200 µm; Mag ×20). (B) cDNAs
from bladder mucosa total RNA of WT (black circles, N = 4) and DBA animals (gray
squares,N = 3) were assayed by RT-PCR in triplicate for Myo5a exon B or exon F, as
indicated, with their specific TaqMan assays, and for 18S rRNA as an internal
control. Expression was determined by the ΔΔCt method and the average %
intensity, shown by the horizontal line, ± SEM was graphed relative to WT.
Expression of exon B was not detected (nd) in either WT or DBA mucosa; exon
F was detected but expression did not differ by genotype (p = 0.52). (C) cDNAs from
mucosae of WT (N = 3) and DBA (N = 3) animals were used for nested PCR with
primer pair 3 which spans alternative exon D sequence. Products were digested
with Ban II to indicate the presence of exon D, and electrophoresed on a 2%
MetaPhor agarose gel with a 50 bp mass standard ladder to assess fragment sizes.
The mobility of bands without (-D) and with (+D) exon D are shown at the right. (D)
The intensity of each band as a percentage of the total intensity in each lane was
determined, and the average % intensity ± SEM of +D products, shown by the
horizontal lines is graphed for all replicates of each genotype. There was more exon
D-containing PCR product seen in WT mucosa (black circles) compared to DBA
mucosa (gray squares) (*p < 0.05). (E) Nested PCR was also performed with primer
pair 4, in which the reverse primer is within exon F. Products were digested with Ban
II and electrophoresed with a 100 bp mass standard ladder, to indicate the
proportion of exon F-containing transcripts that also contain exon D. The
second and third lanes of this gel contain an undigested aliquot of WT and DBA
mucosa from these PCR reactions, respectively. The mobility of bands without (−D
+F) and with (+D+F) exon D are indicated at the right. The intensity of each band as a
percentage of the total intensity in each lane was determined, and the average +D+F
band intensity ± SE is graphed for all replicates of each genotype in panel (F). Black
circles represent WT mucosa, gray squares, DBA mucosa. There was more exon
D-containing PCR product seen in WT mucosa compared to DBA mucosa
(*p < 0.05).
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Overactive bladder (OAB) is a clinical syndrome defined by urinary urgency, increased
daytime urinary frequency and/or nocturia, with or without urinary incontinence, that affects
approximately 11% of the western population. OAB is accepted as an idiopathic disorder,
and is charactersied clinically in the absence of other organic diseases, including urinary
tract infection. Despite this, a growing body of research provides evidence that a significant
proportion of OAB patients have active bladder infection. This review discusses the key
findings of recent laboratory and clinical studies, providing insight into the relationship
between urinary tract infection, bladder inflammation, and the pathophysiology of OAB.
We summarise an array of clinical studies that find OAB patients are significantly more likely
than control patients to have pathogenic bacteria in their urine and increased bladder
inflammation. This review reveals the complex nature of OAB, and highlights key laboratory
studies that have begun to unravel how urinary tract infection and bladder inflammation
can induce urinary urgency and urinary frequency. The evidence presented in this review
supports the concept that urinary tract infection may be an underappreciated contributor
to the pathophysiology of some OAB patients.

Keywords: bladder, overactive bladder, urinary tract infection, bacterial cystitis, inflammation, hypersensitivity

INTRODUCTION

Overactive bladder (OAB) is a clinical syndrome defined by urinary urgency, increased daytime
urinary frequency and/or nocturia, with or without urinary incontinence (Wein and Rovner,
2002). OAB by definition is idiopathic, “a disease of unknown cause” which is only diagnosed in
the absence of other organic disease, such as cancer, neurological or structural abnormalities, or
urinary tract infection. Based on these criteria, OAB effects approximately 11% of the western
population, significantly reducing quality of life (Wein and Rovner, 2002; Coyne et al., 2011;
Eapen and Radomski, 2016; Kinsey et al., 2016).

Despite the accepted idiopathic nature of OAB, several studies in the last decade have provided a
new aetiological paradigm; low levels of pathogenic bacteriuria (bacteria in urine) and inflammation
are found in substantial proportions of OAB patients (Moore et al., 2000; Walsh et al., 2011; Walsh
et al., 2011; Walsh and Moore, 2011; Digesu et al., 2013; Khasriya et al., 2013; Moore et al., 2013;
Moore and Malykhina, 2014; Reynolds et al., 2016; Chen et al., 2018) and in a significant portion of
women with newly diagnosed OAB (Ognenovska et al., 2021). These discoveries have highlighted key
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questions: Is the pathophysiology of OAB more complicated and
multifaceted than has traditionally been proposed? And what is
the mechanism whereby chronic low grade bacterial cystitis could
promote sensory dysfunction and incontinence?

This review summarises the key findings of recent laboratory
and clinical studies which provide further insight into the
relationship between chronic bacteriuria and associated
inflammatory mediators in OAB patients.

CLINICAL SIGNIFICANCE OF OVERACTIVE
BLADDER

Approximately 11% of women from western countries are
diagnosed with OAB based on the clinical symptoms of
urinary urgency, urinary frequency, nocturia, and in some
cases, urge incontinence (Eapen and Radomski, 2016). In
patients over 40 years of age, the prevalence in European
countries is 17% (Milsom et al., 2001). These symptoms
severely affect quality of life, contributing to significant
psycho-social comorbidities including increased incidence and
severity of depression, anxiety, and social isolation, which
contribute to declining mental and physical health (Coyne
et al., 2011; Kinsey et al., 2016). OAB patients also incur
significant personal and societal health care costs associated
with repeated primary health care visits and reduced
professional opportunities (Coyne et al., 2011; Kinsey et al.,
2016; Reynolds et al., 2016). The direct and indirect health
care costs associated with OAB have been calculated as over
$100 Billion per annum in the United States alone (Ganz et al.,
2010; Pierce et al., 2015; Reynolds et al., 2016).

DIAGNOSIS, TREATMENT, AND
PATHOPHYSIOLOGY OF OVERACTIVE
BLADDER
In the typical clinical care pathway, patients presenting with
symptoms of urinary urgency, urinary frequency and nocturia
often undergo a diagnostic test involving filling the bladder with
saline and observing the presence of spasms of the detrusor
muscle (via intravesical manometry line), which is termed
Detrusor Overactivity. In the absence of organic disease, the
condition is termed “Idiopathic,” which is predominant in
women but quite uncommon in men. Therefore, while the
pathophysiological consequence of the disease is defined by
the cystometry testing (i.e. detrusor overactivity), the aetiology
underlying this condition remains unknown.

As the chief symptoms of OAB are related to sensory
dysfunction, it is logical that the mechanisms underlying OAB
are likely related to changes in neuronal excitability and/or
exaggerated neuronal firing during bladder filling. This
hypothesis is well supported by investigations conducted using
animal models of bladder dysfunction (Yoshimura et al., 2014;
Grundy et al., 2019). Despite this, OAB patients are initially
treated with anticholinergic medications which reduce detrusor
muscle contractions and improve bladder capacity, thus lessening

their incontinence/frequency/urgency of micturition (Moore and
Malykhina, 2014). Unsurprisingly, with little fundamental basis
in pathophysiology, these treatments have only limited benefits
over placebo and poor continuation rates (Wagg et al., 2012; Kim
and Lee, 2016; Yeowell et al., 2018). Our longitudinal study
revealed that after 8 years, only 20% of patients treated with
antimuscarinic agents have long-lasting improvement (Morris
et al., 2008). Unfortunately, about 30%–40% of patients do not
respond to these medicines at all. Such non-responsive patients
are then denoted as having “Refractory OAB” (Moore and
Malykhina, 2014). For these refractory patients, the absence of
a defined pathology guarantees patients undergo a diagnostic
odyssey, incorporating multiple invasive and non-invasive tests,
and numerous prescriptions in an effort to exclude various
pathophysiology (Gormley et al., 2015). Such “Refractory”
patients may suffer lifelong debilitating symptoms, placing a
significant burden on both the patient and the health system.

The large proportion of patients refractory to
pharmacotherapy also supports an alternative pathophysiology
to detrusor overactivity seen in OAB. Indeed, the relative success
of neurotoxins that inhibit sensory nerve activity, such as
resiniferatoxin and BOTOX (Guo et al., 2013; Hsieh et al.,
2016; Cui et al., 2021), in relieving OAB symptoms refractory
to pharmacotherapy suggests increased sensory outflow is
responsible for the symptoms of urgency and urinary
frequency. However, BOTOX treatment is invasive, has been
associated with frequent side effects, and requires repeated doses
at approximately 6 months intervals (Schurch et al., 2005;
Apostolidis et al., 2009; Chen and Kuo, 2020) indicating the
treatment is masking, rather than treating the underlying cause of
bladder sensory neuron hypersensitivity.

The initiating or contributing factors in the development of
neuronal hypersensitivity in OAB remain to be determined.
Numerous aetiologies have been proposed, including altered
bladder permeability, inflammation, cross-organ sensitisation,
and dysregulation of spinal and/or cortical networks (de Groat
et al., 2015; Grundy et al., 2018a). Amongst these potential
mechanisms, there is mounting evidence that chronic bacterial
infection of the bladder may contribute to the exacerbation of
OAB symptoms in susceptible populations via direct or indirect
sensitisation of sensory neurons (Moore et al., 2000; Walsh C
et al., 2011; Brierley et al., 2020).

URINARY TRACT INFECTIONS

Prevalence and Diagnosis
A urinary tract infection (UTI) is an infection in any part of the
upper or lower urinary tract, including kidneys (e.g.,
pyelonephritis), ureters, bladder, and urethra (Smelov et al.,
2016). UTI’s are amongst the most common bacterial
infections in the world, affecting more than 150 million people
annually worldwide (Smelov et al., 2016; Tandogdu and
Wagenlehner, 2016). Despite this prevalence, the vast majority
of these infections are caused by a limited number of bacterial
species, with Escherichia coli (E. coli) that exhibit evolutionary
specialisations (Uropathogenic E. coli, UPEC) being the
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stereotypical species (Smelov et al., 2016). UTI’s occur most
frequently in the lower urinary tract and typically present with
some or all of the following symptoms: dysuria (painful
urination), urgency, frequency, and pelvic pain (Chu and
Lowder, 2018). These symptoms overlap significantly with
those observed in OAB, making exclusion of a UTI a key
component in OAB diagnosis (Figure 1).

UTI’s are typically diagnosed in general practice using a
urine dipstick as an indirect measure to identify white blood
cells (pyuria), production of nitrates in the urine typical of
bacteriuria, and the presence of microscopic haematuria as
evidence of severe inflammation. If the dipstick test is positive
(or symptoms are clearly suggestive) then a fresh unspun
midstream (MSU) sample is sent for microscopy to identify
10 or more white blood cells (wbc)/μl (pyuria). The urine is
then cultured, and “classical” UTI is diagnosed as greater than
105 CFU of bacteria/ml (Smelov et al., 2016; Tandogdu and
Wagenlehner, 2016; Chu and Lowder, 2018). The relative
sensitivity and accuracy of these tests is thus a key factor in
determining what is a genuine UTI, and determining diagnosis
and subsequent treatment.

Ever since the 1950s, when pyelonephritis was a frequent
cause of mortality, the threshold of 105 CFU/ml from MSU
samples was widely accepted as a cut off to diagnose “Classical
UTI” (Chu and Lowder, 2018). However, whilst a cut-off of
105 CFU/ml from MSU will accurately confirm bladder
infection, several studies have identified limitations of this
stringent criterion as regards bacterial cystitis, i.e., significant
lack of sensitivity. Around 50% of patients who present with
symptoms of acute UTI that respond positively to antibiotic
treatment are mis-diagnosed as “normal” using the 105 CFU/
ml cut-off (Stamm et al., 1982; Stark and Maki, 1984). A fine
balance must be made, however, as having the criteria too low
risks false positives, incorrect diagnosis, and the unnecessary
prescription of antibiotics. A criterion of ≥102 or 103 CFU/ml
from MSU have been identified as the threshold that resulted
in optimal sensitivity and specificity, accurately detecting the

majority of genuine infections with low false-positive rates
(Stamm et al., 1982; Kunin et al., 1993; Price et al., 2016).

Using this lower criterium of ≥102−3 CFU/ml from MSU,
however, revealed that a proportion of patients diagnosed with
OAB may have low-level bacterial infection that was previously
missed by routine “classical” testing methods (Walsh et al., 2011;
Walsh et al., 2011; Walsh and Moore, 2011; Moore and
Malykhina, 2014). This has profound implications for effective
clinical treatment.

THE EMERGINGROLEOFURINARY TRACT
INFECTION IN OVERACTIVE BLADDER

Bacteriuria in Overactive Bladder
Even when using a conventional 105 CFU/ml MSU culture,
6%–17% of women diagnosed with OAB have been found to
have a UTI, compared to just 0.5%–2% of women from control
groups (Moore et al., 2000; Khasriya et al., 2013; Gill et al.,
2021). Similar results have been obtained from MSU samples
taken specifically during symptom flares of refractory OAB
patients, with 17% of patients versus 2% of the control group
showing positive cultures at 105 CFU/ml (Walsh et al., 2011).
Interestingly, when both standard (105 CFU/ml) and low-
count criteria (102−3 CFU/ml) are used in samples from the
same patient cohort, the proportion of those positive for
bacteriuria increases (from 17% to 39%), compared to those
of a control group (from 2% to 6%) (Walsh et al., 2011)
showing that low-count MSU culture may reveal genuine
infections in OAB patients that would otherwise be
overlooked. Enhanced culture techniques have also revealed
higher rates of infection that were previously missed by routine
culture, identifying 23% of patients with OAB as positive for
UTI, vs. 10% of controls, in a prospective blinded case control
study (Khan et al., 2021).

Analysis of catheter (CSU), rather than mid-stream
specimens of urine revealed similar results, with the
proportion of OAB patients with positive cultures rising
from 15% at 105 CFU/ml to 21% at 102 CFU/ml (Khasriya
et al., 2010). Two additional studies support the concept that
OAB patients have low-count bacteriuria but did not compare
directly to an appropriate control group, including a follow up
study that investigated catheter rather than MSU specimens
from patients with refractory OAB (Walsh et al., 2013).
Despite the lack of controls, these studies report similar
proportions (27%–29%) of OAB patients with bacteriuria
when using the low-count threshold (Hessdoerfer et al.,
2011; Walsh et al., 2013).

Intracellular Bacterial Colonies in
Overactive Bladder
Whilst low-count bacteriuria can be quite easily identified by
reducing the CFU threshold upon culture, a growing number
of studies have shown that uropathogenic E. coli invade
urothelial cells and form intracellular bacterial communities
(IBC’s). A variety of studies have since identified large

FIGURE 1 | The primary symptoms of OAB and UTI overlap. Urinary
frequency, urinary urgency, and nocturia are key symptoms associated with
both OAB and acute UTI. Clinically, OAB is differentiated from acute UTI by the
absence of bacteriuria and/or a negative dip-stick test.
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numbers of bacteria undetected in routine MSU or CSU
specimens within cultures from bladder biopsies or shed
urothelial cells from OAB patients examined by
immunohistochemistry or confocal microscopy of
centrifuged/cytospin specimens (Rosen et al., 2007; Vijaya
et al., 2013a; Khasriya et al., 2013; Cheng et al., 2016; Gill
et al., 2018). However, intracellular bacteria have also routinely
been found in large numbers of asymptomatic, or control
patients (Khasriya et al., 2013; Cheng et al., 2016),
suggesting that the presence of IBC’s alone is not enough to
accurately differentiate OAB and control patients. As such, it
may not be the simple identification of IBC’s in urine, but a
more nuanced diagnostic marker that reveals an accurate
distinction between genuine and asymptomatic infection.
Our own detailed analysis of exfoliated urothelial cell
samples obtained from the urine of patients with OAB or
controls revealed filamentous bacteria were significantly more
common in patients with OAB (Cheng et al., 2016).
Filamentous bacteria are associated with intracellular
bacterial growth and bacteria fluxing out of the urothelial
cells to recolonise the bladder (Justice et al., 2006). In this

context, E. coli, the species of bacteria most commonly
implicated in UTIs, was found more closely associated with
urothelial cells from sediment cultures (via confocal
microscopy) only in OAB patient samples (Khasriya et al.,
2013). Similarly, our further study of urothelial cells obtained
from OAB patients demonstrated that high- but not low-
density intracellular bacteria correlate with OAB symptom
severity, measured by leakage on pad test, leaks per day, and
voids per day (Ognenovska et al., 2021).

The contribution of IBC’s to UTI pathophysiology is an
emerging field of research. These initial reports suggest that
IBC’s within the urothelium may also be an underappreciated
component in the symptomology of OAB. Importantly, these
bacteria are unlikely to be picked up by increasing the
sensitivity of MSU or CSU culture, raising further questions
as to the interpretation of urine culture as the gold standard for
ruling out genuine UTI’s. The identification and classification
of IBC’s is currently impractical for routine clinical practice.
However, if the relevance of IBC’s in OAB is confirmed by
additional high-quality studies, further urine analysis may be a
useful tool in elucidating the pathophysiology underlying the

TABLE 1 | A summary of the literature reports of changes in the levels of urinary cytokines in adult patients with UTI or OAB.

Cytokine UTI OAB

A. Pro-inflammatory cytokines

IL1ß 0.005 Davidoff et al. (1997); 0.001 Sundac et al. (2016) 0.023 Chen et al. (2019)
IL2 0.04 Chen et al. (2019)
IL6 0.01 Davidoff et al. (1997); ↓0.01 Tyagi et al. (2010); 0.001 Sundac et al.

(2016)
↓0.01 Tyagi et al. (2010); 0.05 Gill et al. (2021)

IL7 0.001 Sundac et al. (2016) 0.07 Chen et al. (2019)
IL9 0.0001 Sundac et al. (2016)
IL12p70 0.0001 Sundac et al. (2016) ↓0.02 Pillalamarri et al. (2018); 0.0002 Chen et al. (2019)
IL17 ↓0.014 Tyagi et al. (2010); 0.01 Sundac et al. (2016)
TNF-α 0.05 Cheng et al. (2016); 0.017 Tyagi et al. (2010); 0.001 Sundac et al.

(2016)
0.017 Tyagi et al. (2010) 0.027 Ma et al. (2016), 0.04 Chen et al. (2019)

IFN-γ 0.001 Sundac et al. (2016)

B. Chemokines

IL8 0.018 Tyagi et al. (2010) 0.05 Hannan et al. (2014) 0.01 Tyagi et al.
(2016); 0.001 Sundac et al. (2016)

↓0.01 Tyagi et al. (2016); 0.006 Chen et al. (2019)

CXCL 10
0.01 Tyagi et al. (2016), 0.001 Sundac et al. (2016) ↓0.01 Tyagi et al. (2016); 0.001 Chen et al. (2019)

MCP-1 0.05 Sundac et al. (2016) 0.05 Tyagi et al. (2010); 0.05 Gill et al. (2018); 0.001 Farhan et al. (2019);
0.0001 Ghoniem et al. (2020), 0.04 Chen et al. (2019)

MIP-1α 0.0001 Sundac et al. (2016) 0.05 Tyagi et al. (2010), 0.035 Ma et al. (2016)
MIP-1ß 0.0001 Sundac et al. (2016)

RANTES
0.05 Tyagi et al. (2010); 0.05 Sundac et al. (2016) 0.034 Chen et al. (2019)

Eotaxin 0.01 Sundac et al. (2016)

C. Anti-inflammatory cytokines

IL1ra ↓0.05 Tyagi et al. (2016); 0.01 Sundac et al. (2016) ↓0.05 Tyagi et al. (2016)
IL4 0.001 Sundac et al. (2016) ↓0.014 Ma et al. (2016)
IL5 ↓0.05 Tyagi et al. (2010)
IL10 0.001 Sundac et al. (2016) 0.05 Tyagi et al. (2010); ↓0.02 Pillalamarri et al. (2018)
IL13 ↓0.02 Pillalamarri et al. (2018)

Unless otherwise indicated increased concentrations of cytokines are seen in UTI or OAB patients. ↓ indicates decreased cytokine concentration. p-values are reported in the literature vs.
appropriate control patient cohorts.
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symptoms for OAB patients refractory to traditional
treatments.

INFECTION INDUCED INFLAMMATION IN
PATIENTS WITH OVERACTIVE BLADDER

Clinical Analysis
The relative abundance of low-count bacteriuria and IBCs in
urothelial cells isolated from both OAB patients and
asymptomatic controls points to the necessity for a distinction
between bacterial colonisation, and infection (which is associated
with inflammation and host-defence) when determining clinical
intervention strategies. One of the challenges we face is that the
immune response drives bacteria to localise intracellularly to
form IBC’s, where they can evade our traditional host-defence
mechanisms. Furthermore, providing distinction between
bacterial colonisation and infection will likely have greater
relevance going forwards, with the identification of a bladder
microbiome consisting of a diverse microbiological flora in the
healthy bladder (Neugent et al., 2020).

Pyuria is the clinical standard for identifying localised bladder
inflammation in the context of UTI, defined as the presence of 10
or more white blood cells (WBC)/mm3 in fresh uncentrifuged
urine (Chu and Lowder, 2018). However, pyuria is more
commonly determined indirectly via the dip-stick test, by
detecting leukocyte esterase. As would be expected, the
prevalence of pyuria rises with the level of bacteriuria in
uncomplicated cystitis and thus, if OAB patients with
bacteriuria have genuine bacterial infections, pyuria, and

changes in markers of inflammation should be apparent.
Indeed, positive routine culture has been shown to be
predictive of pyuria in a cohort of OAB patients (Khasriya
et al., 2013). OAB patients are significantly more likely than
control cohorts to demonstrate a positive dipstick test for
leukocytes (39% vs. 9%) (Gill et al., 2021), and 30%–40% of
OAB patients have been shown to have pyuria following
microscopic analysis of urine (Khasriya et al., 2013; Contreras-
Sanz et al., 2016). OAB patients also showed consistently higher
microscopic pyuria counts on fresh urine microscopy compared
to asymptomatic controls (Gill et al., 2018). Interestingly, pyuria
identified by microscopic analysis of urine was recently shown by
a group in the United Kingdom to be the most important
correlate of symptom severity in OAB, with urgency
correlating highly with both pyuria and epithelial cell shedding
(Gill et al., 2018), a secondary, and potentially key additional
indicator of active infection or inflammation (Mulvey et al., 2001;
Klumpp et al., 2006).

Cytokine Analysis
In addition to immune cells, the inflammatory response to
bacteriuria is also mediated by cytokines. Cytokines are
essential regulators of both the innate immune response to
infection and the inflammatory response to injury, with the
concentration of urinary cytokines correlating with
symptomatic UTI (Rodhe et al., 2009; Armbruster et al.,
2018). Bacteria induced inflammation of the bladder stimulates
the release of a large variety of both pro- and anti-inflammatory
cytokines and chemokines (Table 1). Some cytokines have been
consistently reported to increase during UTI, including IL-1β

FIGURE 2 | Mechanisms underlying urinary tract infection induced bladder hypersensitivity. Uropathogenic E. coli (UPEC) invade urothelial cells during bladder
colonisation. UPEC infection evokes an inflammatory response and the recruitment and activation of immune cells. UPEC also form intracellular bacterial colonies (IBCs)
to evade the immune system and prolong urothelial colonisation. UPEC infection induces urothelial sloughing and apoptosis, increasing bladder permeability and
allowing the toxic contents of the urine and bacteria to access the underlying interstitium. In response to damage, immune cells and the urothelium also release
cytokines, chemokines, and neurotransmitters that can bind to receptors and ion channels on the peripheral ends of bladder-innervating sensory neurons. Immune and
urothelial cell secretions, bacteria, and urine combine to sensitise the peripheral ends of bladder neurons. Sensitised neurons respond to bladder distension with higher
intensity firing. This exaggerated signal travels to the spinal cord and activates second order neurons that travel to the brainstem and brain to induce exaggerated bladder
sensation.
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(Davidoff et al., 1997; Sundac et al., 2016), IL-6 (Davidoff et al.,
1997; Tyagi et al., 2010; Sundac et al., 2016), TNFα (Davidoff
et al., 1997; Tyagi et al., 2010; Sundac et al., 2016), IL-8 (Tyagi
et al., 2010; Hannan et al., 2014; Sundac et al., 2016; Tyagi et al.,
2016), and CXCL-10 (Sundac et al., 2016; Tyagi et al., 2016).
Similar elevations in the levels of pro-inflammatory cytokines and
chemokines have also been reported in murine models of
uropathogenic E. coli induced UTI (Engel et al., 2006; Hannan
et al., 2010; Duell et al., 2012; Tan et al., 2012). This further
supports the crucial role of the innate immune system in the
bladder response to the presence of bacteria during an acute UTI.

As a result, numerous studies have investigated urinary
cytokines as biomarkers for infection-induced inflammation in
OAB patients. In support of the concept that a subpopulation of
OAB patients symptoms are driven by an infectious/
inflammatory state, a number of studies have shown altered
cytokine and chemokine profiles in the urine of patients with
OAB (Table 1) (Tyagi et al., 2010; Ghoniem et al., 2011; Tyagi
et al., 2014; Ma et al., 2016; Tyagi et al., 2016; Alkis et al., 2017;
Pillalamarri et al., 2018). This can manifest as changes in either
pro- or anti-inflammatory cytokines, or both. Furthermore, a
number of studies have reported that changes in urine cytokine
concentration correlates with OAB symptom severity (Smelov
et al., 2016; Pillalamarri et al., 2018; Gill et al., 2021), as well as
bacterial growth and pyuria count (Gill et al., 2021). In general,
however, a large amount of inter-study variability exists in the
specific cytokines measured, and the relative changes in urine
cytokine concentrations in these OAB patient cohorts. This
variability is further compounded by the relatively small
number of patients included in these studies. Despite these
issues, there is a growing consistency in the evidence for
elevations in pro-inflammatory cytokines TNF-α (Tyagi et al.,
2010; Ma et al., 2016; Chen et al., 2019), MCP-1 (Tyagi et al.,
2010; Chen et al., 2019; Farhan et al., 2019; Ghoniem et al., 2020)
and MIP-1 (Tyagi et al., 2010; Ma et al., 2016) as well as
reductions in anti-inflammatory cytokines IL-10, IL-1 receptor
antagonist, and IL-4 (Ma et al., 2016; Tyagi et al., 2016;
Pillalamarri et al., 2018) in OAB patients. A shift in the
balance of these cytokines to a more pro-inflammatory state,
and a lack of anti-inflammatory cytokines in women with OAB,
may allow an inflammatory response to proliferate, thus
contributing to the pathogenesis of the disease (Pillalamarri
et al., 2018). A thorough, large scale trial, including well
characterised patient cohorts is required to determine the true
incidence and relative changes in urinary cytokines in OAB
patients.

Considerable evidence is emerging from experiments in
rodents indicating that hyperexcitability of bladder-innervating
sensory neurons is triggered by bladder inflammation and may
play a critical role in the pathogenesis of OAB (Grundy et al.,
2018a; Geppetti et al., 2008). As described in Figure 2, the myriad
molecular products of inflammation are able to act as potent
neuromodulators, increasing the excitability of sensory neurons
to physiological stimuli in a wide variety of organs (Pinho-Ribeiro
et al., 2017). Evidence for inflammatory mediators increasing the
excitability of bladder innervating sensory neurons, and the
importance of inflammation in translating urinary tract

infection into the symptoms of urgency and frequency
experienced in patients with OAB, will be discussed in
detail below.

TRANSLATION OF INFECTION AND
INFLAMMATION INTO OVERACTIVE
BLADDER SYMPTOMS
Bladder Sensation
Bladder sensation is initiated via the activation of primary
sensory neurons embedded throughout the bladder wall,
innervating both the detrusor smooth muscle and urothelium
(Spencer et al., 2018). Sensory signals are generated by the
activation of mechanosensory ion channels on bladder-
innervating neurons during bladder stretch. This sensory
information is relayed via synapses within the spinal cord
dorsal horn to the brainstem or thalamus (Fowler et al., 2008).
The intensity of this sensory signal is proportional to the degree of
bladder stretch, leading to the progression of bladder sensations
from fulness, to urge, discomfort and finally pain (Fowler et al.,
2008; Grundy et al., 2018b). An increase in the intensity of this
sensory afferent signal thus leads to exaggerated sensation at
lower bladder volumes.

Mechanisms of Infection/Inflammation
Induced Hypersensitivity
The penetration of bladder-innervating sensory neurons into
the sub-urothelium and urothelium provides the underlying
physiological architecture to allow urinary tract infection and
inflammation to induce the symptoms of OAB (Spencer et al.,
2018). A number of mouse studies have shown that various
inflammatory conditions and inflammatory mediators
increase the excitability of bladder innervating sensory
neurons (de Groat and Yoshimura, 2009; Grundy et al.,
2020a). Furthermore, and as described above, it is well
established that acute urinary tract infection evokes a
potent inflammatory response in mice, consisting of a
significant increase in cytokines and other secreted factors
(Abraham and Miao, 2015; Brierley et al., 2020).

In order to test the hypothesis that UTI induced
inflammation causes exaggerated bladder sensory signalling,
our recent study investigated how inflammatory mediators
released during acute UTI in mice altered bladder sensory
nerve activity to distension utilising an established ex-vivo
bladder afferent recording model (Grundy et al., 2018b;
Grundy et al., 2020a; Grundy et al., 2020b; Brierley et al.,
2020). Pooled inflammatory supernatants containing an array
of cytokines were isolated from mice 8 h after infection with
uropathogenic E. coli. This inflammatory supernatant was then
instilled into the bladder lumen of non-infected mice, and both
intra-bladder pressure and sensory nerve activity during
graded bladder distension were recorded. Through these
experiments we were able to show that the inflammatory
environment that is generated during UTI is able to
sensitise bladder sensory neurons to distension,

Frontiers in Physiology | www.frontiersin.org July 2022 | Volume 13 | Article 8867826

Mansfield et al. UTI in Overactive Bladder

114

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


exaggerating the mechanosensitive response to bladder filling
and reducing the activation threshold pressure (Brierley et al.,
2020). As such, neurons that usually only respond to noxious
levels of bladder distension (high-threshold afferents), now
exhibited robust responses to physiological levels of distension
in the presence of the UTI supernatant. In addition, previously
mechanically insensitive “silent” afferents became
mechanosensitive in the presence of inflammatory
supernatants, further increasing the overall sensory output
from the bladder. These experiments in rodents provide key
mechanistic insights into the molecular interactions that may
mediate the development of infection induced bladder
hypersensitivity in patients. The real life significance of
these molecular interactions is that hyperexcitability of
bladder sensory pathways translates to lower perception
thresholds, which may generate the primary symptoms of
OAB seen in patients, including urgency, frequency, and
nocturia (Parsons and Drake, 2011; Yoshimura et al., 2014;
Grundy et al., 2020a; Grundy et al., 2020b; Brierley et al., 2020).

It is also possible that bacteria are able to directly and
indirectly sensitise bladder-innervating sensory neurons.
Bacteria can activate sensory neurons that modulate pain in
the skin (Chiu et al., 2013). Furthermore, the toxins and
metabolites released during bacterial growth and invasion
are able to sensitise neurons, as well as in-directly activate
neurons and evoke pain (Chiu et al., 2013; Yang and Chiu,
2017; Blake et al., 2018; Uhlig et al., 2020). This has recently
been explored in vitro using the cell bodies of bladder-
innervating sensory neurons isolated from the dorsal root
ganglia (DRG) of mice (Montalbetti et al., 2022). In these
experiments, both LPS and the virulence factors produced by
UPEC during growth were able to sensitise subsets of bladder-
innervating sensory neurons to enhance their excitability,
representing an additional mechanism whereby infection
may be able to evoke hypersensitive bladder symptoms.

Indirect Mechanisms
As well as directly activating bladder afferent nerves, bladder
infection also promotes urothelial shedding, a host-defence
mechanism that rapidly removes infected urothelial cells from
the bladder wall (Rosen et al., 2007; Smith et al., 2008;
Thumbikat et al., 2009; Wood et al., 2012). Whilst effective
in preventing bacteria establishing a foothold within the
urothelium, this mechanism transiently increases bladder
permeability until the infection is cleared and injury-
induced proliferation of urothelial cells restores urothelial
barrier integrity (Mysorekar et al., 2009; Shin et al., 2011).
Increased urothelial permeability provides an opportunity for
the toxic contents of the urine, that are usually sequestered in
the bladder lumen, to access underlying sensory nerves. In our
model of experimentally induced bladder permeability in
mice we have been able to show increased urothelial
permeability induces excitability of mechanosensitive
bladder afferents (Grundy et al., 2020b), suggesting that
increased bladder permeability alone may give rise to
bladder sensory symptoms associated with neuronal
hyperexcitability.

EVIDENCE AND IMPLICATIONS FOR
CLINICAL PRACTICE

The information presented in this review poses a number of
questions relating to the treatment and diagnosis of OAB. Chief
amongst these include the potential use of antibiotics and anti-
inflammatory drugs in the treatment of subsets of OAB patients.
And could the presence of specific inflammatory mediators or
intracellular bacterial colonies in the urine be exploited as a novel
diagnostic biomarker for identifying these otherwise overlooked
patients?

Does Antibiotic Treatment of Urinary Tract
Infections Relieve Overactive Bladder
Symptoms?
There have been two prospective trials of rotating antibiotics for
patients with OAB (Khasriya et al., 2011; Vijaya et al., 2013b). The
first study demonstrated improvements in urinary leakage and
urgency in women treated with prolonged courses of antibiotics
in addition to standard anticholinergic therapy (Khasriya et al.,
2011). This was followed by a second study confirming similar
results in a more refractory OAB group (Vijaya et al., 2013b).

As a result of the promising outcome from the two prospective
studies we conducted a placebo controlled randomised trial
involving 6 weeks of antibiotics in addition to standard
anticholinergic therapy in patients with refractory detrusor
overactivity (Chen et al., 2021a). Microbiological data was
collected throughout the trial with 10 samples per patient
collected over 6 months. This phase IIb trial revealed that
antibiotic therapy reduced UTI rates, and corresponded with a
clinically significant reduction in urinary incontinence on 24 h
pad test (pad weight reduced by 75 g, p < 0.008) at 6 months.
Improvements were also seen in measures of OAB symptoms
such as leaks per day (1 less leak by 6 weeks and 2 less leaks per
day by 6 months). In addition, patients who received antibiotics
reported improvements on quality of life measures such as ICIQ,
and OAB-q. Importantly, this improvement was sustained
throughout the next 6 months [significant lower ICIQ score
(Mean −5.57)], despite only 6 weeks of antibiotic therapy.
Because of the robust collection and analysis of the relevant
outcome measures, this study was able to provide objective
evidence (i.e., reduced amount of leakage experienced in 24 h)
of the biological effect of antibiotics in patients with OAB who
were refractory to standard treatments. Based on these findings
we concluded that lower rates of UTI experienced by OAB
patients treated with antibiotics, and thus lower inflammation,
may account for the increased response to anticholinergics in the
subsequent months.

In addition to the findings described above, the longitudinal
nature of the trial also revealed UTI requiring antibiotic
treatment in over 40% of the OAB women who were in the
placebo arm. In addition, post antibiotic therapy, breakthrough
infections were identified in almost 20% of the women in the
antibiotic group. The high rates of symptomatic UTI in the
refractory OAB cohort emphasises the importance of UTI to
the aetiology of this condition, and supports the proposed
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paradigm of an infectious subgroup of OAB patients. The trial
was halted after interim analysis, due to recruitment issues and
ethical concerns raised by the high rates of UTI in these patients.

Does Antibiotic Treatment of Urinary Tract
Infections Reduce Inflammation and
Intracellular Bacterial Colonies?
Using samples collected as part of the phase IIb trial described
above, we were able to investigate the mechanisms behind the
improvement in outcomes in the OAB patients. Our follow-up
analysis of the trial cohort revealed that cytokines associated with
activation of the innate immune system are reduced by antibiotic
therapy in women with OAB (Chen et al., 2021b). In particular,
antibiotic treatment was associated with significant reductions of
pro-inflammatory cytokines IL-1α, IL-1Ra, IL-6, IL-8, and
CXCL-10 and the anti-inflammatory cytokine IL-10, which are
all cytokines typically present in UTIs (Sundac et al., 2016). The
lower concentrations of the pro-inflammatory cytokines,
especially CXCL-10, were associated with lower OAB
symptom score, suggesting decreasing the inflammatory
response leads to less urgency experienced by OAB patients
treated with antibiotics. Other studies also support the
hypothesis that changes in cytokine concentrations correlates
with symptom severity. For example, Pillalamarri et al. (2018)
reported that the pro-inflammatory cytokine IL-1β expression
was significantly associated with worsening OAB symptoms
(Pillalamarri et al., 2018). A recent longitudinal study showed
the anti-inflammatory cytokine IL-6 was found to be significantly
higher in OAB patients when compared with controls, which also
correlated with both bacterial growth and pyuria count over a
12 month period (Smelov et al., 2016). Another longitudinal

study (conducted over 12–14 weeks) reported that at the initial
visit MCP-1 levels correlated with symptom severity and that
MCP-1 levels decreased in women who responded to treatment
(Ghoniem et al., 2020).

As well as affecting release of proinflammatory cytokines,
antibiotic treatment was also found to significantly reduced
high-density IBC’s in exfoliated urothelial cells from OAB
patients (Ognenovska et al., 2021). The decrease in high-
density IBC’s significantly correlated with improved symptom
scores (reduction in urinary incontinence, decreased leaks per
day and decreased voids per day) (Ognenovska et al., 2021).
Antibiotic therapy also significantly reduced the likelihood of
identifying bacterial filaments in samples from women with
OAB (Ognenovska et al., 2021). As mentioned previously,
bacterial filaments are associated with intracellular growth of
UPEC (Justice et al., 2006). In addition, antibiotic therapy
increased the proportion of urothelial cells that were free of
bacteria.

Thus, while antibiotic therapy appears to be effective in
relieving OAB symptoms, issues surrounding microbial
resistance and breakthrough infection suggest that alternative
treatments for UTI are warranted. Recently, anti-inflammatory
agents such as ibuprofen and indomethacin have been shown to
improve symptoms of acute UTI in patients without OAB
(Gágyor et al., 2015; Kronenberg et al., 2017). Randomised
trials have also shown that ibuprofen given to woman with
suspected UTI can reduce dysuria and need for subsequent
antibiotics (Moore et al., 2019). Interestingly, two small studies
in the 1980s demonstrated that indomethacin significantly
improved urge incontinence symptoms in women with OAB
(Cardozo and Stanton, 1980; Delaere et al., 1981). However, due
to limited understanding of the role of urinary tract infections in

FIGURE 3 | Potential etiological cascade and pathogenesis underlying UTI induced symptoms of bladder hypersensitivity. Evidence is accumulating that subsets of
OAB patients may in fact have an underlying bacterial infection, leading to inflammation and the sensitisation of bladder-innervating sensory nerves. Arrows represent
causative links. Red dots represent potential opportunities for treatment of UTI induced OAB symptoms.
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OAB at the time, no further studies using these therapies were
undertaken.

The studies outlined above have determined that antibiotic
therapy leads to improvement in OAB symptoms in women who
are refractory to other standard treatments. This improvement in
symptoms is associated with a decrease in the urine concentration of
pro-inflammatory cytokines and a decrease in the presence of
bacteria associated with the urothelium. Combined these studies
provide evidence for an inflammatory/infectious aetiology ofOAB in
women who are refractory to standard therapy. We therefore
hypothesise that in women who are refractory to standard
therapy, UTI leads to intracellular colonisation of urothelial cells,
triggering an inflammatory response (with release of cytokines) and
an increase in urothelial permeability. This then sensitises bladder
sensory nerves so that they respond more easily to mechanical
stretch of the bladder wall. This sensitisation then triggers the
symptoms associated with OAB including urgency, frequency and
nocturia (Figure 3).

CONCLUSION

There is accumulating evidence that we need to revisit the OAB
phenotype given the association of the condition with bacterial
colonisation of the urothelium. Multiple studies now implicate
genuine UTI in the pathogenesis of OAB for a sub-group of
patients who are refractory to standard therapy. The detection
of bacterial invasion of urothelial cells, and subsequent
inflammation, are shown to be key elements in prompting
sensitisation of bladder-innervating sensory nerves to bladder
distension, which would then evoke the symptoms of urgency,
frequency, and nocturia. Small scale trials have shown
antibiotics may be a useful tool to treat these patients,
however, due to the growing risk of antibiotic resistance,
prescription of antibiotics to large cohorts of patients is not

desirable. As such, there is a need for alternative therapies to
treat the infection and pro-inflammatory state that may
include anti-inflammatory agents, or other treatments
targeting the microbiome and urothelial environment. In
addition, the methods used to diagnose UTI need to be
improved. The current threshold values used to diagnose
UTI are misleading and the culture techniques used often
fail to detect the presence of bacteria. Improvements in our
approaches for identifying the presence of bacteria in urine
would greatly enhance our capacity to accurately
diagnose UTI.
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Unveiling the Angiotensin-(1–7)
Actions on the Urinary Bladder in
Female Rats
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1Department Morphology and Physiology, Centro Universitario FMABC, Santo Andre, Brazil, 2Department Biological Sciences,
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Angiotensin-(1–7) is a peptide produced by different pathways, and regardless of the
route, the angiotensin-converting enzyme 2 (ACE-2) is involved in one of the steps of its
synthesis. Angiotensin-(1–7) binds to Mas receptors localized in different cells throughout
the body. Whether angiotensin-(1–7) exerts any action in the urinary bladder (UB) is still
unknown. We investigated the effects of intravenous and topical (in situ) administration of
angiotensin-(1–7) on intravesical pressure (IP) and cardiovascular variables. In addition, the
Mas receptors and ACE-2 gene and protein expression were analyzed in the UB. Adult
female Wistar rats were anesthetized with 2% isoflurane in 100% O2 and submitted to the
catheterization of the femoral artery and vein for mean arterial pressure (MAP) and heart
rate (HR) recordings, and infusion of drugs, respectively. The renal blood flowwas acquired
using a Doppler flow probe placed around the left renal artery and the renal conductance
(RC) was calculated as a ratio of Doppler shift (kHz) and MAP. The cannulation of the UB
was performed for IP recording. We observed that angiotensin-(1–7) either administered
intravenously [115.8 ± 28.6% angiotensin-(1–7) vs. −2.9 ± 1.3% saline] or topically
[147.4 ± 18.9% angiotensin-(1–7) vs. 3.2 ± 2.8% saline] onto the UB evoked a
significant (p < 0.05) increase in IP compared to saline and yielded no changes in
MAP, HR, and RC. The marked response of angiotensin-(1–7) on the UB was also
investigated using quantitative real-time polymerase chain reaction and western blotting
assay, which demonstrated the mRNA and protein expression of Mas receptors in the
bladder, respectively. ACE-2 mRNA and protein expression was also observed in the
bladder. Therefore, the findings demonstrate that angiotensin-(1–7) acts in the UB to
increase the IP and suggest that this peptide can be also locally synthesized in the UB.

Keywords: intravesical pressure, ACE-2, Mas receptors, micturition, urinary bladder

INTRODUCTION

Urinary bladder (UB) disorders affect the daily life of several patients worldwide due to mental and
social discomfort (Kajiwara et al., 2004; Sureshkumar et al., 2009). It has been reported that UB
symptoms show a higher prevalence in women (Aoki et al., 2017).

The storage and subsequent expulsion of urine from the bladder are mediated through both
central and peripheral mechanisms that remain to be fully elucidated. Reflexes important for these
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functions are subject to direct cortical modulation, involving both
facilitatory and inhibitory mechanisms. The Pontine Urine
Storage Center, situated in the relative vicinity of the Pontine
Micturition Center (PMC), which in turn initiates micturition (de
Groat, 1998), regulates the storage of urine.

Neurons at several levels in the lumbosacral spinal cord and
brain (raphe nucleus, reticular formation, locus coeruleus, red
nucleus, PMC, hypothalamus, and cortex) have been shown to be
connected to the UB, as demonstrated by retrograde labeling with
pseudorabies virus (Nadelhaft et al., 1992).

Previous reports have shown that angiotensin II causes UB
smooth muscle contraction in several species, including rabbits,
monkeys, dogs, and humans (Falconieri-Erspamer et al., 1973;
Lam et al., 2000). In the UB of adult humans, the action of
angiotensin II is dependent on functional AT1 rather than on
AT2 receptors (Andersson et al., 1992; Saito et al., 1993; Lam
et al., 2000). Tanabe et al. (1993) have further demonstrated that
AT1 receptors mediate contractions to angiotensin II in the rat
bladder smooth muscle also in vitro. The UB dysfunction, which
occurs after bladder outlet obstruction, has been attributed at
least in part to angiotensin II acting on the AT1 receptor subtype
(Yamada et al., 2009).

Angiotensin-(1–7) [Ang-(1–7)], an agonist on the Mas
receptor, is synthesized in several pathways, for instance by
cleavage of angiotensin I to angiotensin-(1–9) by ACE-2, and
subsequent break-down by ACE and neutral endopeptidase
24.11 (NEP) (Chappell et al., 2000; Rice et al., 2004). In
other words, angiotensin II cleavage into Ang-(1–7) by ACE-
2 constitutes a physiologically important route (Vickers et al.,
2002). Evidence in human ACE2 has demonstrated that its
catalytic efficiency is 400-fold higher with angiotensin II as a
substrate than with angiotensin I (Vickers et al., 2002; Rice et al.,
2004). Likewise, this system (ACE-2/Ang-(1–7)/Mas receptor)
is important in balancing detrimental actions of the ACE/
Angiotensin II/AT-1 receptor axis, such as hypertension,
atherosclerosis, and cardiac hypertrophy and fibrosis
(Ferreira and Santos, 2005; Santos et al., 2018), albeit this
mechanism alone does not explain all effects observed
(Santos et al., 2000). Previous studies in Mas-knockout mice
have demonstrated cardiovascular changes, ranging from
induced hypertension and structural alterations in blood
vessels to metabolic problems (Santos et al., 2006) (Xu et al.,
2008), (de Moura et al., 2010) (Xu et al., 2008) (Santos et al.,
2006).

Lamy et al. (2021) have demonstrated that Ang-(1–7)
synthesized locally in the lateral preoptic area activates Mas
receptors, which increases the IP without changes in renal
conductance (RC) and cardiovascular variables. Despite Ang-
(1–7) being found both peripherally and centrally (Santos and
Campagnole-Santos, 1994), the role of Ang-(1–7) in the
peripheral mechanisms involved in UB control is, to the best
of our knowledge, largely unknown.

It is unclear whether peripheral Ang-(1–7) can act on the UB
and, if so, would have any influence on UB dysfunctions or not.
Furthermore, the presence of Mas receptors in the bladder or the
existence of local synthesis of Ang-(1–7) mediated by ACE-2 in
the UB is unknown. Thus, the present study focused on

characterizing the effects of intravenous infusion and topical
(in situ) administration of Ang-(1–7) on the UB and its
impact on cardiovascular parameters. In addition, Mas
receptor and ACE-2 gene and protein expression in the UB
was investigated.

MATERIALS AND METHODS

Animals
Female Wistar rats (~230–250 g, 14–16 weeks old) supplied by
the Animal Facility of the Faculdade de Medicina do ABC/Centro
Universitario FMABC were used. The animals were housed in
plastic cages in groups of four rats each and had free access to
standard chow pellets (Nuvilab®) and tap water ad libitum. The
animals were in an air-conditioned room with a temperature
between 20℃ and 24℃ and a 12:12-h light–dark cycle. The
humidity in the animal room was controlled and maintained at
~70%. All procedures of this study were carried out in accordance
with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. This study was approved by the Animal
Ethics Committee of the Faculdade de Medicina do ABC/Centro
Universitario ABC (protocol number 13/2017).

Cannulation of the Urinary Bladder
A small incision was carried out in the apex of the UB wall for
insertion of a polyethylene tubing (PE-50 connected to PE-10,
Clay Adams, NJ, United States) filled with saline as previously
described by Cafarchio et al. (2016, 2018, and 2020), Magaldi et al.
(2020), and Lamy et al. (2021). Tissue glue was used to keep the
catheter fixed on the bladder wall for intravesical pressure (IP)
recordings in a data acquisition system (PowerLab 16 SP, AD
Instruments, Castle Hill, AU). The urethra outlet was not ligated
to allow the bladder voiding if necessary. The baseline IP value
was set at ~6–8 mmHg, and the adjustment of the baseline IP was
done by infusion of saline or urine withdrawal through the
catheter inserted into the bladder. Percent changes in IP
(%ΔIP) were calculated as [(peak IP response—baseline IP)/
baseline IP] × 100.

Cannulation of the Femoral Artery and Vein
The catheterization of the femoral artery and vein was performed
through the insertion of a polyethylene tubing (PE-50 connected
to PE-10, Clay Adams, NJ, United States) to measure pulsatile
arterial pressure (PAP), mean arterial pressure (MAP), and heart
rate (HR) in the data acquisition system (PowerLab 16 SP, AD
Instruments, Castle Hill, AU) and injections of drugs,
respectively.

Measurement of Regional Blood Flow
Rats underwent a midline laparotomy for placement of a
miniaturized pulsed Doppler flow probe (0.8 mm in diameter,
Iowa Doppler Products, Iowa City, IA, United States) around the
left renal artery for indirect measurement of the blood flow. The
probe was connected to a Doppler flowmeter (Department of
Bioengineering, The University of Iowa, Iowa City, IA,
United States), and the amplified signal was digitalized in a
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data acquisition system (PowerLab 16 SP, AD Instruments, Castle
Hill, AU). Details about the readability of this method for
estimation of the blood velocity and regarding the Doppler
technique have been previously described by Haywood et al.
(1981). Relative renal vascular conductance was calculated as the
ratio of Doppler shift (kHz) and MAP (mmHg). Results were
presented as percent change from the baseline [(final
conductance − initial conductance)/initial conductance × 100].

Topical (in situ) Drug Administration
The topical administration of Ang-(1–7) was always performed at
a dose of 100 ng/ml in a volume of 0.1 ml directly onto the surface
of the UB.

Intravenous Drug Administration
Ang-(1–7) was administered intravenously at a dose of
0.24 μg/kg/min using an infusion pump (Insight Ltda, Ribeirão
Preto, SP). The solution of Ang-(1–7) was prepared at a
concentration of 0.24 μg/ml.

Experimental Protocols
Evaluation of Intravenous Administration of
Angiotensin-(1–7) on Intravesical Pressure and
Cardiovascular Variables in Female Wistar Rats (N = 6)
Rats anesthetized with isoflurane 2% in 100% O2 were submitted
to cannulation of the femoral artery and vein. A laparotomy was
performed for placement of a miniaturized Doppler flowmeter
probe around the left renal artery to measure the renal blood flow.

The UB was also cannulated with a polyethylene tubing for IP
recording. After baseline measurement of IP, arterial pressure,
HR, and renal blood flow for 15 min, an infusion of Ang-(1–7)
0.24 μg/kg/min or saline (vehicle) was performed intravenously
and the variables were measured for another 120 min (Figure 1).
We have chosen the dose of Ang-(1–7) 0.24 μg/kg i.v. because it is
equivalent to the lowest dose used by Durik et al. (2012) with
stabilized Ang-(1–7) analog molecule that did not cause changes
in cardiac parameters.

Evaluation of Topic (in situ) Administration of
Angiotensin-(1–7) on Intravesical Pressure and
Cardiovascular Variables in Female Wistar Rats (N = 6)
The animals were anesthetized with isoflurane 2% in O2 100% and
submitted to the same surgical procedures described in section 7.1.
After baseline IP, arterial pressure, HR, and renal blood flow
recordings for 15 min, topical (in situ) administration of Ang-
(1–7) was done at a dose of 100 ng/ml in a volume of 0.1ml or
saline (0.1ml). The topical administration was performed by
dropping Ang-(1–7) or saline onto the surface of the UB, and the
variables were measured for another 60min (Figure 1).

This protocol was carried out to verify if Ang-(1–7) would
elicit direct effects on the detrusor muscle of Wistar rats.

Gene Expression of Mas Receptors and ACE-2 in the
Urinary Bladder (n = 6)
As shown in Figure 1, animals used in this protocol were not
previously instrumented for IP and cardiovascular recordings. Rats

FIGURE 1 | Flowchart showing the experimental design of the study.
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were deeply anesthetized with isoflurane 4% in 100O2 and submitted
to a laparotomy for UB withdrawal. The bladder was immediately
frozen in liquid nitrogen and stored at −80°C in an ultrafreezer until
the day of total RNA extraction with the TRizol® reagent. The
procedures for Mas receptors, ACE-2, and cyclophilin A gene
expression were carried out through quantitative real-time
polymerase chain reaction (qPCR) as follows.

Isolation of total mRNA from frozen UB samples was made
with TRIzol Reagent® (Thermo Fisher Scientific) as suggested by
the manufacturer’s protocol. mRNA integrity was analyzed via
agarose gel electrophoresis, and mRNA purity reached the
following criteria: A260/280 ≥ 1.8. The extracted total mRNA
concentration was measured using a NanoDropTM (One-One c)
spectrophotometer (Thermo Fisher Scientific). We used 1 μg of
total mRNA for the reverse transcription reaction.
Complementary DNA (cDNA) synthesis was obtained using
the ImProm-IITM Reverse Transcription System (Promega,

Madison, WC, United States), following the manufacturer’s
protocol. qPCR was performed using 2 μl of cDNA and the
Eva GreenTM qPCR Mix Plus (Solis BioDyne, Tartu, Estonia)
in the ABI Prism 7500 Sequence Detection System (Applied
Biosystems, Foster City, CA) to amplify specific primers
sequences for the Mas receptors, ACE-2, and cyclophilin A.
The forward and reverse primers sequences (Thermo Fisher
Scientific) for rats are shown below:

Mas receptor:
(forward) 5′- CCTGCATACTGGGAAGACCA-3′
(reverse) 5′- TCCCTTCCTGTTTCTCATGG-3′
ACE-2:
(forward) 5′- TTGAACCAGGATTGGACGAAA-3′
(reverse) 5′- GCCCAGAGCCTACGATTGTAGT-3′
Cyclophilin A:
(forward) - 5′-CCCACCGTGTTCTTCGACAT-3′
(reverse) - 5′-CTGTCTTTGGAACTTTGTCTGCAA-3′

FIGURE 2 | Tracings showing the baseline pulsatile arterial pressure (PAP, mmHg), mean arterial pressure (MAP, mmHg), heart rate (HR, bpm), pulsatile intravesical
pressure (PIP, mmHg), mean intravesical pressure (MIP, mmHg), renal blood flow (RBF, kHz) and mean renal blood flow (MRBF, kHz) and the responses induced by
intravenous administration of angiotensin-(1–7) (0.24 μg/kg) or saline.
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The internal control (housekeeping gene) used in this protocol
was cyclophilin A. The procedure followed an initial step 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 using
threshold cycle (CT) (arbitrary units, A.U.), and all values were
expressed using cyclophilin A as an internal control.

Protein Expression of theas Receptor and ACE-2 in the
Urinary Bladder (n = 6)
As described in Figure 1, we used different groups of rats for
protein and gene expression. Animals were deeply anesthetized
with isoflurane 4% in 100% O2. A laparotomy was carried out,
and the UB was harvested and immediately frozen in liquid
nitrogen. Bladder samples were stored at −80°C in an ultrafreezer
for later determination of Mas receptor and ACE-2 protein
expression in the UB via western blotting. The rats used in
this protocol were not previously submitted to any surgery or
IP and cardiovascular recordings. The procedures for the western
blotting assay followed the steps described below.

The lysate of UB samples was obtained using
radioimmunoprecipitation assay lysis and extraction buffer, added
with a mixture of protease and phosphatase inhibitors (Thermo
Fisher Scientific). The samples were homogenized in lysis buffer,
incubated on ice for 10min, and centrifuged at 7000 g for 5 min at
4°C. The supernatant containing the soluble proteins was stored
at −80°C. The protein concentration was determined using
NanoDropTM (One-One c) spectrophotometer (Thermo Fisher
Scientific). The total proteins were separated on a 10% sodium
dodecyl sulfate–acrylamide gel and transferred to the nitrocellulose

membrane (Bio-rad) by electrophoresis using the Trans-blot Turbo
Transfer device (Bio-rad). Ponceau solution was used to stain the
membrane to check successful transfer. The membrane was
photographed in the Chemidoc device (Bio-rad) for the
determination of total protein by densitometry using the Image
LabTM software (Bio-rad). Afterward, the membrane was washed
withmilli-Qwater at least three times. Themembranewas incubated
for 1 h with 5% nonfat milk in Tris-buffered saline- 0.1% Tween 20
(TBS-T). Then, the solution was discarded and the membrane was
incubated at 4°C, overnight, with a polyclonal primary antibody
specific for the Mas receptor (rabbit anti-Mas, Novus Biologicals,
catalog # NBP1-78444) and for ACE-2 (rabbit anti-ACE-2, Cloud-
Clone Corp., catalog # PAB886Ra01) diluted to a concentration of 1:
250 in TBS-T. The blots were washed with TBS-T and afterward,
incubated with goat–anti-rabbit secondary antibody (Alexa Fluor
488, Thermo Fischer Scientific) in a 1:10,000 dilution for 1 h, which
causes a chemiluminescent reaction. The membrane was filmed in
the Chemidoc device (Bio-rad). The Image Lab software TM (Bio-
rad) was used to quantify the densitometry of the blot containing the
corresponding protein of interest. The optical density (OD) of Mas
receptors and ACE-2 was normalized by the expression of total
protein, as described in a previous study by Lamy et al. (2021).

Statistics
The Kolmogorov–Smirnov test was carried out to evaluate the
normality of data distribution. Results were expressed as mean ±
S.E.M as they showed a normal distribution. Unpaired Student’s
t-test was used for comparison between the %ΔIP or %ΔRC
responses evoked by Ang-(1–7) versus saline administered

FIGURE 3 | (A)Mean arterial pressure (mmHg) and (B) heart rate (bpm) at baseline and after intravenous administration of angiotensin-(1–7) (0.24 μg/kg) or saline,
(C) percent change in renal conductance (%ΔRC), and (D) percent change in intravesical pressure (%ΔIP) evoked by intravenous administration of angiotensin-(1–7)
(0.24 μg/kg) or saline (n = 6). *p < 0.05 vs. saline (Student´s t-test).
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intravenously or in situ onto the UB. Comparisons of MAP and
HR before and after i.v. or in situ Ang-(1–7) or saline were
analyzed using paired Student´s t-test. The statistical software
package Sigma Stat 3.5 was used for all the analyses, and the data
were considered significant at p < 0.05.

RESULTS

Responses in Intravesical Pressure and
Cardiovascular Parameters Evoked by
Intravenous Administration of
Angiotensin-(1–7) in Wistar Rats (n = 6).
Before infusions of saline or Ang-(1–7) intravenously, the
baseline MAP was 94 ± 5 mmHg (before saline) and 99 ±

5 mmHg [before Ang-(1–7)], the HR was 344 ± 13 bpm
(before saline) and 348 ± 9 bpm [before Ang-(1–7)], and the
IP was 8.38 ± 0.64 mmHg (before saline) and 7.72 ± 0.81 mmHg
[before Ang-(1–7)] (n = 6) (Figures 2, 3A,B).

The intravenous administration of Ang-(1–7) significantly
increased IP (115.8 ± 28.6%, p < 0.05) compared to saline (−2.9 ±
1.3%). The onset of IP increase induced by Ang-(1–7) administered
intravenously had a latency of ~30min and the peak response was
achieved at ~90min after the injection (Figures 2, 3D). After
120 min, the IP values recovered to the baseline values.

However, no significant changes were observed in MAP
[2 ± 1 mmHg after saline vs. −3 ± 3 mmHg after Ang-(1–7)],
HR [1 ± 2 bpm after saline vs. 10 ± 18 bpm after Ang-(1–7)],
and RC [6.0 ± 3.2% after saline vs. −3.6 ± 17.4% after Ang-
(1–7)] after intravenous infusion of saline or Ang-(1–7)
(Figures 2, 3A–C).

FIGURE 4 | Tracings showing the baseline pulsatile arterial pressure (PAP, mmHg), mean arterial pressure (MAP, mmHg), heart rate (HR, bpm), pulsatile intravesical
pressure (PIP, mmHg), mean intravesical pressure (MIP, mmHg), renal blood flow (RBF, kHz) andmean renal blood flow (MRBF, kHz) and the responses yielded by in situ
administration of angiotensin-(1–7) (100 ng/ml, 0.1 ml per rat) or saline (0.1 ml) onto the urinary bladder.
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Responses in Intravesical Pressure and
Cardiovascular Parameters Elicited by
Topic (in situ) Administration of
Angiotensin-(1–7) Onto the Urinary Bladder
in Wistar Rats (N = 6).
Before application of saline or Ang-(1–7) in situ on the UB, the
baseline MAP was 91 ± 3 mmHg (before saline) and 92 ±
3 mmHg [before Ang-(1–7)], the HR was 354 ± 11 bpm
(before saline) and 353 ± 13 bpm [before Ang-(1–7)], and the
IP was 5.98 ± 0.65 mmHg (before saline) and 6.85 ± 0.64 mmHg
[before Ang-(1–7)] (n = 6) (Figures 4, 5A,B).

The topic (in situ) administration of Ang-(1–7) onto the UB
significantly increased the IP (147.4 ± 18.9%, p < 0.05) compared
to saline (3.2 ± 2.8%). The onset of IP increase evoked by Ang-
(1–7) administered in situ onto the UB had a latency of ~2–5 min
and the peak response was observed at ~30 min after the
administration (Figures 4, 5D). After 60 min, the IP values
drop back to baseline values.

Nevertheless, the topic (in situ) administration of Ang-(1–7)
on the UB elicited no change in MAP (0.3 ± 1 mmHg vs. 0.5 ±

0.6 mmHg, saline), HR (−15 ± 4 bpm vs. −2 ± 1 bpm, saline) and
RC (7.2 ± 8.9% vs. −1.6 ± 1.5%, saline) compared to saline
administration (Figure 4, 5A–C).

Determination of Mas Receptors and ACE-2
Gene Expression in the Urinary Bladder
(N = 6)
We observed that theMas receptors (CT = 28.56 ± 0.124 arbitrary
units, A.U.) and ACE-2 gene (CT = 28.54 ± 2.05 A.U.), as well as
the housekeeping gene cyclophilin A (18.89 ± 0.81 A.U.), were
expressed, and thereby, these genes are present in the UB samples
(N = 6) (Figure 6A).

Determination of Protein Expression of Mas
Receptors and ACE-2 in the Urinary Bladder
(N = 6)
We found by western blotting assay that Mas receptors (0.54 ±
0.07 O.D.) and ACE-2 (0.57 ± 0.08 O.D.) proteins are expressed
in the UB samples (N = 6) (Figures 6B,C).

FIGURE 5 | (A)Mean arterial pressure (mmHg) and (B) heart rate (bpm) at baseline and after in situ administration of angiotensin-(1–7) (100 ng/ml, 0.1 ml per rat) or
saline (0.1 ml), (C) percent change in renal conductance (%ΔRC), and (D) percent change in intravesical pressure (%ΔIP) elicited by in situ administration of angiotensin-
(1–7) (100 ng/ml, 0.1 ml per rat) or saline (0.1 ml) on the urinary bladder (n = 6). *p < 0.05 vs. saline (Student´s t-test).
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DISCUSSION

Our data demonstrated that intravenous infusions of Ang-(1–7)
elicited a marked increase in IP compared to saline. Nevertheless,
the RC, arterial pressure, and HR were not affected by i.v. Ang-
(1–7) in the dose used in this study. Those findings indicate that
the increase in IP is not likely dependent on higher urinary
volume caused by an increase in the glomerular filtration rate.
The topical (in situ) administration of Ang-(1–7) also yielded an
increase in IP and elicited no changes in cardiovascular
parameters in the rats, showing similar effects compared to

intravenously infused Ang-(1–7). It is noteworthy that the
latency for the increase in intravesical evoked by in situ
application of Ang-(1–7) on the UB was shorter (5 min)
compared to the response elicited by intravenous
administration (30 min). We also demonstrated the presence
of Mas receptors in the UB either by gene or protein
expression, which suggests that Ang-(1–7) is likely binding to
these receptors for increasing the IP. Furthermore, we showed the
existence of gene and protein expression of ACE-2 in the UB
samples, which is suggestive that Ang-(1–7) can be locally
produced in the UB cells.

The regulation of UB function is dependent on the autonomic
and somatic nervous systems. Cholinergic (via muscarinic
receptors) and adrenergic (via α and β receptors)
transmissions, as well as noncholinergic/nonadrenergic
mechanisms (NCNA), exert an important function in the
storage of urine and voiding (Juszczak and Maciukiewicz,
2017). Several neurotransmitters of the NCNA branch of the
autonomic nervous system, for instance, ATP, substance P, and
neuropeptide Y, can play stimulatory or inhibitory
neuromodulation of cholinergic, adrenergic, or purinergic
transmission in the lower urinary tract (Hoyle, 1994; Juszczak
and Maciukiewicz, 2017). In vitro studies performed by Tanabe
et al. (1993) demonstrated that the AT1 receptors, instead of
AT2 receptors, mediate the contractions elicited by angiotensin II
in the smooth muscle of rat UB strips. The function of the
renin–angiotensin–aldosterone system on the lower urinary
tract is not fully understood, and our study is the first to show
the effects of intravenous Ang-(1–7) or in situAng-(1–7) onto the
UB on the IP, as well the existence of Mas receptors and ACE-2 in
the bladder by gene and protein expression.

Although Ang-(1–7) promoted increases in IP after in situ
administration onto the UB, it is not possible to infer
physiologically whether the plasma Ang-(1–7) or this
peptide locally synthesized in the cells of the UB yields the
increases in IP. We have shown the existence of gene and
protein expression of ACE-2, which is the enzyme responsible
for the synthesis of Ang-(1–7) breaking the angiotensin I
(Chappell et al., 2000; Rice et al., 2004) or alternatively from
the cleavage of angiotensin II (Vickers et al., 2002). This
allows us to hypothesize that Ang-(1–7) is locally produced
in the cells of the UB and possibly exerts a paracrine or
autocrine action and thereby could increase the IP.

Previous studies have demonstrated that intrarenal infusion of
Ang-(1–7) at a rate of 0.1 and 1 nmol.min−l.kg−l had minimal
effects on renal blood flow and arterial pressure but raised the
urinary excretion of sodium and water in comparison to the
control (saline-infused) group (Handa et al., 1996). This effect
was attributed to a possible action of Ang-(1–7) in the proximal
tubule cells, where Ang-(1–7) could inhibit an ouabain-sensitive
Na+-K+-ATPase. This inhibitory action of Ang-(1–7) was
attributed mainly to a non-AT1, non-AT2 angiotensin
receptor, and in minor proportion to AT-1 receptors (Handa
et al., 1996). Nevertheless, the study of Handa et al. (1996) has not
investigated whether the Mas receptor could be involved or not in
the response evoked by Ang-(1–7). Despite we have
demonstrated that Ang-(1–7) administered either

FIGURE 6 | (A) CT values obtained by qPCR showing the Mas
receptors, ACE-2, and cyclophilin A (housekeeping gene) gene expression in
the urinary bladder (UB) (n = 6), (B) Mas receptors and ACE-2 protein
expression normalized by total protein in the UB by western blotting
assay (n = 6), (C) Blots labeled for Mas receptors and ACE-2 in the UB
samples by western blotting. Abbreviation: OD, Optical density.
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intravenously or in situ has not affected the renal blood flow, we
have not evaluated the urine volume compared to saline
administration (control group), which is a limitation of this
study. Considering that the topical (in situ) administration of
Ang-(1–7) onto the UB elicited an increase in IP with a latency of
2–5 min, we do not believe that this response would be dependent
on an increase in the urinary volume. By contrast, we cannot
assure that the marked increase in IP yielded by intravenous
infusion of Ang-(1–7) could cause an increase in UB dependent
on an intrarenal action due to the long latency for the onset of the
response of roughly 30 min.

On the other hand, another hypothesis is that Ang-(1–7)
infused intravenously could also act centrally in the lateral
preoptic area and bind to the Mas receptors of this area.
Previous report has shown that Ang-(1–7) injected into the
lateral preoptic area increases IP with a latency for the
response of approximately 10 min and achieves a peak
response approximately 25 min after injection without
inducing any changes in RC and arterial pressure (Lamy et al.,
2021). Hence, the response observed with Ang-(1–7) infused
intravenously in the current study could be dependent on direct
action on the UB and/or be due to an action at the intrarenal level
and/or through activation of Mas receptors in the lateral
preoptic area.

In the present study, we could not test if the Ang-(1–7)
administered intravenously was binding to Mas receptors in
the UB by pharmacological blockade of these receptors.
Preliminary findings in our laboratory (data not shown)
indicated that the intravenous administration of A-779, a
Mas receptors antagonist, even in the highest dose, causes
the blockade of these receptors for less than 30 min. Even with
an experimental protocol in which the administration of A-779
was followed by immediate administration of Ang-(1–7)
intravenously, we would not be able to see if the IP
response evoked by Ang-(1–7) could be attenuated as the
blockade of Mas receptors had already quited. Thereafter,
performing this experimental protocol has become
unfeasible, which is a limitation of this study.

Micturition and urine storage depend on the coordination
between the bladder and the urethra (de Groat, 1998; Andersson
and Hedlund, 2002). An increasing number of people worldwide
suffer from UB dysfunctions (Bettez et al., 2012; Dorsher and
McIntosh, 2012; Ruffion et al., 2013). Nevertheless, the
pharmacological approaches and therapies currently applied
still cause many side effects. As we have shown that Ang-
(1–7) acts in the UB increasing the IP, the Mas receptors and
ACE-2 in the bladder could be considered to be novel possible
targets for drug development and possible therapy in patients
who suffer from urinary disorders.

In conclusion, our findings suggest that intravenous Ang-
(1–7) can act in the UB, leading to an increase in the IP. This
effect is similar to that observed by in situ administration onto the
UB but with different latencies for the onset of the responses. In
addition, the existence of ACE-2 in the UB suggests that Ang-
(1–7) can be locally produced and is likely able to exert a
paracrine or autocrine action in the UB binding to Mas
receptors present in this organ.
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Analysis of 16 studies in nine
rodent models does not support
the hypothesis that diabetic
polyuria is a main reason of
urinary bladder enlargement
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The urinary bladder is markedly enlarged in the type 1 diabetes mellitus

model of streptozotocin-injected rats, which may contribute to the frequent

diabetic uropathy. Much less data exists for models of type 2 diabetes.

Diabetic polyuria has been proposed as the pathophysiological

mechanism behind bladder enlargement. Therefore, we explored such a

relationship across nine distinct rodent models of diabetes including seven

models of type 2 diabetes/obesity by collecting data on bladder weight and

blood glucose from 16 studies with 2–8 arms each; some studies included

arms with various diets and/or pharmacological treatments. Data were

analysed for bladder enlargement and for correlations between bladder

weight on the one and glucose levels on the other hand. Our data

confirm major bladder enlargement in streptozotocin rats and minor if

any enlargement in fructose-fed rats, db/db mice and mice on a high-fat

diet; enlargement was present in some of five not reported previously

models. Bladder weight was correlated with blood glucose as a proxy for

diabetic polyuria within some but not other models, but correlations were

moderate to weak except for RIP-LCMV mice (r2 of pooled data from all

studies 0.0621). Insulin levels also failed to correlate to a meaningful extent.

Various diets and medications (elafibranor, empagliflozin, linagliptin,

semaglutide) had heterogeneous effects on bladder weight that often did

not match their effects on glucose levels. We conclude that the presence

and extent of bladder enlargement vary markedly across diabetes models,

particularly type 2 diabetes models; our data do not support the idea that

bladder enlargement is primarily driven by glucose levels/glucosuria.
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1 Introduction

Diabetes mellitus causes major morbidity and mortality

related to cardiovascular, renal and ocular function (Mensah

et al., 2017). Lower urinary tract dysfunction (LUTD) in general

and that of the urinary bladder in particular are at least as

common, occurring in 80% and 50% of diabetic patients,

respectively (Daneshgari and Moore, 2006). While LUTD does

not lead to major morbidity or mortality, it reduces the quality of

life of the afflicted patients (Irwin et al., 2008; Benner et al., 2009)

and their partners (Mitroupoulos et al., 2002) by impairing social

interactions during the day and sleep during the night; LUTD is

also associated with emergency room visits, hospitalizations and

loss of work productivity (Kannan et al., 2009).

The pathophysiology of LUTD in diabetes is poorly understood

and dedicated therapeutic strategies other than normalizing glucose

levels are lacking. An enlargement of the urinary bladder appears to be

part of LUTD in diabetes and is consistently found in the

streptozotocin (STZ)-induced rat model of type 1 diabetes, by

average resulting in a doubling of bladder weight (BW) (Arioglu

Inan et al., 2018). While studied much less frequently, a comparable

enlargement of the urinary bladder appears to exist in the other type

1 diabetesmodels that have been tested (Ellenbroek et al., 2018).Much

fewer studies have explored bladder enlargement in animal models of

type 2 diabetes and have yielded inconsistent results (Ellenbroek et al.,

2018). Thus, it remains unclear whether bladder enlargement occurs

in diabetes in general, is restricted to type 1 diabetes models or occurs

in some but not all type 2 diabetes models. Treatment with insulin

prevents and reverses bladder enlargement in STZ-injected rats

(Arioglu Inan et al., 2018). However, no treatment studies have

reported effects on BW in animal models of type 2 diabetes or

with treatments other than insulin in those of type 1 diabetes.

The mechanisms underlying diabetes-associated bladder

enlargement are largely unknown. A prevailing theory is that

increased glucose levels act as an osmotic diuretic when

exceeding the renal reabsorption threshold of 9–10 mM and that

the bladder enlarges as a response to increased urine flow (diabetic

polyuria). This theory is largely based on studies in rats in which

treatment with the osmotic diuretic sucrose yielded similar degrees

of diuresis and of bladder enlargement as compared to STZ injection

(Kudlacz et al., 1988; Eika et al., 1994; Fukumoto et al., 1994;

Tammela et al., 1994; Tammela et al., 1995; Liu and Daneshgari,

2005; Xiao et al., 2013). It implies that bladder enlargement should

be correlated to blood glucose levels if these exceed the renal

reabsorption threshold. However, this mechanism has been

questioned (Ellenbroek et al., 2018; Yesilyurt et al., 2019).

Therefore, we have explored the presence and extent of

bladder enlargement across a wide range of rodent models of

diabetes, particularly of type 2 diabetes and including various

diets and pharmacological treatments other than insulin and its

correlation with blood glucose and, as a post hoc analysis, serum

insulin. For this purpose, we have collected data on glucose (in

some cases also insulin), BW and body weight from various

studies primarily designed to address questions unrelated to the

urinary bladder. This has allowed us to collect data from

16 studies with 2–8 arms each representing nine distinct rat

and mouse models and a total of 513 animals without sacrificing

a single animal for the purpose of our study. Taken together we

present what may be the most comprehensive inter-model

comparison ever reported for any parameter in diabetes.

2 Materials and methods

2.1 Animal models

To collect information from a wide range of rodent models of

diabetes in the spirit of the 3R principles (Kilkenny et al., 2010), the

present study is based on data from ongoing studies designed for

other purposes; primary outcomes of these studies will be reported

elsewhere by the respective investigators. Details of each model

according to the ARRIVE guidelines (Percie du Sert et al., 2020)

are provided in the Supplementary Material. Each of the underlying

studies had been approved by the applicable independent committee

or government agency for use and protection of experimental

animals, and all studies were in line with the NIH guidelines for

care and use of experimental animals (for details see Supplementary

Material). In each study, blood glucose concentration, body weight

and BW were determined at study end in each animal and bladder/

body weight ratio (BBW) was calculated. Plasma insulin levels were

available from six studies. No treatments other than those being

stated explicitly were applied.

2.2 Data analysis

The following pre-specified analyses were done for each

study: The primary outcome parameter within each study was

BW, analysed as difference between the main hyperglycaemic/

diabetic and its control group with its 95% CI as derived from an

unpaired, two-tailed t-test assuming comparable variability in

both groups. The key secondary outcome parameter within each

study was the correlation between blood glucose and BW based

on individual animal data of all groups with strengths of

correlation assessed as the square of the Pearson correlation

coefficient (r2) with its associated descriptive p-value. Other

secondary outcome parameters were within-study group

differences and correlations based on BBW. To explore

correlations across groups, BW and BBW data from all

animals other than those in the primary control group were
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TABLE 1 Blood glucose, insulin (selected studies only), body weight, bladder weight, and bladder/body weight across animal models.

n Blood
glucose, mM

Insulin,
ng/l

Body
weight, g

Bladder
weight, mg

Bladder/body weight,
mg/g

Type 1 diabetes models

STZ-injected rats (Mexico City)

Control 11 5.48 ± 0.48 — 426.3 ± 46.0 134.2 ± 32.1 0.314 ± 0.066

STZ 10 28.01 ± 3.98 — 244.4 ± 36.1 171.0 ± 28.5 0.710 ± 0.161

STZ-injected rats (Ankara)

Control 11 5.56 ± 0.25 — 511.5 ± 80.5 122.8 ± 12.0 0.245 ± 0.042

Empagliflozin 14 5.15 ± 0.25 — 526.3 ± 73.2 177.3 ± 28.6 0.346 ± 0.090

Linagliptin 12-
13

5.57 ± 0.38 — 532.5 ± 86.2 158.7 ± 53.5 0.307 ± 0.103

STZ 13-
14

31.31 ± 3.91 — 327.0 ± 78.6 291.7 ± 41.9 0.900 ± 0.267

STZ + empagliflozin 15 19.38 ± 7.80 — 334.8 ± 76.2 368.9 ± 160.9 1.215 ± 0.745

STZ + linagliptin 14 31.95 ± 2.27 — 336.6 ± 60.4 373.3 ± 157.3 1.210 ± 0.822

RIP-LCMV mice (Frankfurt)

Control 15 8.31 ± 1.09 — 27.51 ± 5.96 24.27 ± 5.02 0.891 ± 0.115

RIP-LCMV-GP 12 28.34 ± 8.49 — 24.04 ± 3.72 43.00 ± 14.21 1.830 ± 0.696

Type 2 diabetes models

ZSF1 rats (20-weeks, Hoechst)

Lean control 6 4.54 ± 0.86 <0.512 461.7 ± 32.3 95.0 ± 16.4 0.207 ± 0.039

Obese 6 12.97 ± 2.68 4.858 ± 1.957 603.0 ± 14.2 193.3 ± 29.4 0.321 ± 0.052

Obese canoletta 6 8.59 ± 0.75 9.118 ± 2.883 804.3 ± 31.8 136.7 ± 13.7 0.170 ± 0.021

Obese 0% choline/0.2%
methionine

6 13.87 ± 4.47 5.313 ± 1.571 819.3 ± 31.7 268.3 ± 66.8 0.328 ± 0.080

Obese AMLN 6 8.58 ± 1.62 8.100 ± 3.405 798.2 ± 26.8 163.3 ± 60.2 0.206 ± 0.077

ZSF1 rats (28-weeks, Hoechst)

Lean control 6 5.35 ± 0.35 0.676 ± 0.271 535.5 ± 33.0 113.3 ± 10.3 0.213 ± 0.024

Obese 6 16.63 ± 1.26 3.517 ± 0.766 679.9 ± 37.9 231.7 ± 39.7 0.340 ± 0.046

Obese canoletta 6 9.31 ± 1.52 8.160 ± 3.573 1,082 ± 58.5 156.7 ± 10.3 0.145 ± 0.00/

Obese 0% choline/0.2%
methionine

5 14.94 ± 2.68 5.542 ± 1.744 795.7 ± 26.5 378.0 ± 151.7 0.474 ± 0.186

Obese AMLN-vehicle 5 10.82 ± 1.03 7.678 ± 1.673 1,029 ± 31.8 156.0 ± 37.8 0.152 ± 0.041

Obese AMLN- elafibranor
(30 mg/kg)

5 9.40 ± 1.09 4.260 ± 1.187 873.6 ± 44.9 132.0 ± 8.4 0.152 ± 0.016

Obese AMLN-oil 6 12.00 ± 0.99 7.857 ± 0.551 1,072 ± 73.1 165.0 ± 27.4 0.155 ± 0.030

Obese AMLN- CCl4 (0.2 mg/kg) 6 11.00 ± 1.45 7.940 ± 1.640 1,065 ± 76.3 155.0 ± 33.9 0.146 ± 0.034

Fructose-fed rats I (Mexico City)

Control 6 4.67 ± 0.52 3.302 ± 1.347 546.0 ± 30.9 130.5 ± 10.7 0.240 ± 0.030

Fructose-fed 6 4.88 ± 0.56 7.902 ± 0.292 564.7 ± 48.3 209.5 ± 22.4 0.374 ± 0.052

Fructose-fed rats II (Mexico City)

Control 6 4.67 ± 0.52 — 468.3 ± 42.2 146.5 ± 10.3 0.315 ± 0.034

Fructose-fed 6 4.95 ± 0.76 5.938 ± 2.572 535.7 ± 48.2 136.1 ± 29.5 0.254 ± 0.048

Fructose-fed rats III (Mexico City)

Control 8 5.20 ± 0.54 4.172 ± 2.538 518.8 ± 56.2 159.0 ± 21.6 0.307 ± 0.037

Fructose-fed 8 6.15 ± 0.92 9.831 ± 2.548 623.3 ± 46.9 158.1 ± 21.0 0.254 ± 0.032

Rats with neonatal STZ injection (Mexico City)

Control 8 3.80 ± 0.84 — 464.8 ± 41.2 147.8 ± 29.3 0.318 ± 0.059

Neonatal STZ 8 9.06 ± 7.03 — 420.8 ± 58.0 184.6 ± 39.3 0.453 ± 0.149

IRS2 knock-out mice (Cologne)

C57BL/6J 12 8.98 ± 1.59 — 31.52 ± 5.70 30.28 ± 6.11 0.982 ± 0.217

(Continued on following page)
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expressed as % of the mean of the corresponding control

group. This was followed by correlation analysis of the pooled

data based on individual animal data across all models for

comparison of BW and BBW vs. glucose. Similar correlations

with insulin were done as post-hoc analyses.

In line with recent guidelines and recommendations (Michel

et al., 2020; Vollert et al., 2020), we consider all analyses reported

here as exploratory. Therefore, no hypothesis-testing statistical

analysis was applied and reported p-values should be considered

descriptive and not hypothesis-testing. We rather focus on

reporting of effect sizes with their 95% confidence intervals

(CI). All calculations were performed using Prism (v9.03;

GraphPad, Los Angeles, CA, United States). Additional

information on data quality measures is provided in the

Supplementary Material.

3 Results

3.1 Model characterization

3.1.1 Glycaemic state
Based on an operational definition of normoglycaemia

(<8 mM), hyperglycaemia (8–16 mM), and overt diabetes

(>16 mM), some control groups were mildly hyperglycaemic

(RIP-LCMV mice, one study each in C57BL/6J and in C57BL/

6N mice). Similarly, the disease groups did not exhibit overt

diabetes in all studies (20-weeks old ZSF1 rats, rats with neonatal

STZ injection, fructose-fed rats, ob/ob mice and mice on a high-

fat diet (HFD), and some diets and treatments (empagliflozin and

semaglutide) lowered glucose in diabetic animals without

restoring normoglycemia (Table 1).

In all six studies with available insulin data, hyperinsulinemia

relative to the respective control was observed (Table 1). Among

treatments, canoletta and AMLN diets further increased insulin

concentration in both ZSF1 rat studies, whereas 0% choline/0.2%

methionine and elafibranor had no major effect; semaglutide

lowered insulin concentration in HFD mice (Table 1).

3.1.2 Body weight
Body weight was markedly reduced in STZ rats (>40%) and

by <15% in RIP-LCMV mice (Table 1). Among type 2 diabetes/

obesity models, body weight was markedly increased in ZSF1 rats

of either age, in both studies with ob/ob mice, in db/db mice, and

in HFD mice (Table 1). Fructose-feeding markedly increased

body weight in two studies, but much less so in a third one

(Table 1). Rats with neonatal STZ injection and IRS2 knock-out

mice did not exhibit major alterations of body weight (Table 1).

Empagliflozin and linagliptin had no major effects on body

weight, whereas semaglutide normalized body weight and

elafibranor reduced it by almost 40% relative to its control

(AMLN vehicle; Table 1).

TABLE 1 (Continued) Blood glucose, insulin (selected studies only), body weight, bladder weight, and bladder/body weight across animal models.

n Blood
glucose, mM

Insulin,
ng/l

Body
weight, g

Bladder
weight, mg

Bladder/body weight,
mg/g

IRS2 knock-out 12 16.02 ± 9.27 — 31.73 ± 5.27 25.96 ± 7.30 0.824 ± 0.230

ob/ob mice (Cologne)

C57BL/6J 9 9.40 ± 2.24 — 30.19 ± 5.32 25.89 ± 5.64 0.865 ± 0.175

ob/ob 14 9.19 ± 2.91 — 64.70 ± 6.09 36.59 ± 13.05 0.565 ± 0.195

ob/ob and db/db mice (Hoechst)

C57BL/6J 31 7.89 ± 1.25 — 23.57 ± 3.61 23.52 ± 4.50 1.000 ± 0.135

ob/ob 31 14.88 ± 8.05 — 46.56 ± 16.16 28.80 ± 10.40 0.557 ± 0.222

db/db 32 26.03 ± 4.33 — 49.03 ± 2.78 25.94 ± 4.31 0.530 ± 0.090

HFD mice (Hoechst)

C57BL/6N 32 7.64 ± 0.95 — 23.97 ± 2.81 28.25 ± 5.93 1.177 ± 0.201

C57BL/6N HFD 32 9.36 ± 1.15 — 47.08 ± 4.12 31.10 ± 9.81 0.660 ± 0.202

HFD mice + semaglutide (Hoechst)

C67BL/6N 8 9.35 ± 0.62 643.8 ± 151.7 34.76 ± 0.71 66.91 ± 31.93 1.930 ± 0.923

C67BL/6N HFD 8 9.23 ± 0.54 1,021 ± 263.2 43.72 ± 2.66 44.25 ± 12.44 1.025 ± 0.345

HFD + semaglutide 7 7.92 ± 0.62 682.9 ± 228.4 36.26 ± 2.04 37.56 ± 7.43 1.045 ± 0.253

HFD mice (Mainz)

C57BL/6J 12 5.96 ± 0.72 284.8 ± 205.5 34.07 ± 2.65 33.33 ± 5.33 0.980 ± 0.149

C57BL/6J HFD 12 9.68 ± 1.82 4,431 ± 819 49.25 ± 2.31 35.17 ± 6.93 0.713 ± 0.125

Data are shown as means ± SD of the indicated number of animals. Insulin concentrations were below detection limit (0.000512 ng/ml) in lean ZSF1 rats in all animals in the 20- and 4/6 in

the 28-weeks study; for calculation purposes they were set to 0.000512 ng/ml. Data from each individual animal of each study are shown in the Supplementary Material.
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3.1.3 Bladder enlargement
BW was increased in all type 1 diabetes models and in

some type 2 diabetes/obesity models (both studies with

ZSF1 rats, one of the three studies with fructose-fed rats,

study with rats with neonatal STZ injection, both studies with

ob/ob mice and in db/db mice; Table 1; Figure 1). In contrast,

no bladder enlargement was observed in the other type

2 diabetes models (two out of three studies with fructose-

fed rats, IRS2 knock-out mice, all three studies with HFD in

mice). As body weight exhibited major changes in some of the

models, a different picture was obtained for bladder/body

weight (BBW; Table 1; Figure 1).

FIGURE 1
Bladder and bladder/body weight differences across studies.
Data are shown as effect sizes comparing the primary
hyperglycaemic/diabetic vs. the control group expressed as mean
difference with its 95% confidence interval. Note that the
same control group was used in the calculation of the ob/ob and
db/db Hoechst groups.

TABLE 2Correlation between blood glucose and bladder and bladder/
body weight across animal models.

n total Bladder weight Bladder/body
weight

r2 p r2 p

Type 1 diabetes models

STZ-injected rats (Mexico City)

21 0.2346 0.0261 0.6368 <0.0001
STZ-injected rats (Ankara)

79 0.3795 <0.0001 0.3220 <0.0001
RIP-LCMV mice (Frankfurt)

27 0.7226 <0.0001 0.7322 <0.0001
Type 2 diabetes models

ZSF1 rats (20-weeks, Hoechst)

30 0.3632 0.0004 0.2428 0.0057

ZSF1 rats (28-weeks, Hoechst)

45 0.4127 <0.0001 0.3168 <0.0001
Fructose-fed rats I (Mexico City)

12 0.0109 0.7465 0.0044 0.8384

Fructose-fed rats II (Mexico City)

12 0.1979a 0.1473 0.2545a 0.0944

Fructose-fed rats III (Mexico City)

14 0.0488 0.4481 0.0465a 0.4590

Rats with neonatal STZ injection (Mexico City)

16 0.3302 0.0199 0.6262 0.0003

IRS2 knock-out mice (Cologne)

24 0.1256 0.0893 0.1009 0.1305

ob/ob mice (Cologne)

23 0.0053 0.7410 0.0001 0.9593

ob/ob mice (Hoechst)

62 0.0339 0.1519 0.0761a 0.0300

db/db mice (Hoechst)

63 0.1203 0.0054 0.6743a <0.0001
HFD mice (Hoechst)

64 0.0054 0.5655 0.0383 0.1214

HFD mice + semaglutide (Hoechst)

23 0.0787 0.1947 0.0522 0.2945

HFD mice (Mainz)

24 0.0231 0.4783 0.3614a 0.0019

Animals from diabetic and non-diabetic group were pooled for each correlation analysis.

Shown are total number of animals per model, squared correlation coefficient (r2) and

descriptive p-value.
anegative slope (inverse correlation).

A graphical representation of representative groups is shown in Figure 2, all other

groups in the Supplementary Material.
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While HFD did not affect BW in mice (see above),

addition of canoletta reduced BW in obese ZSF1 rats

assessed at an age of 20 weeks [mean difference −56.7 mg

(−86.2; −27.1)], a diet containing 0% choline/0.2% methionine

increased BW [mean difference 75.0 mg (CI 8.6; 141.4)], and

the AMLN diet had no detectable effect [mean

difference −30 mg (CI −91.0; 31.0); Table 1]; however, all

three estimates had wide CI making interpretation difficult.

Similar effects of the three diets were seen at an age of

28 weeks.

Among pharmacological treatments, empagliflozin and

linagliptin led to numerically large increases of BW in STZ

rats, but these could not easily be interpreted due to large CI

[mean difference 77.2 mg (CI −17.4; 171.8) and 81.6 mg (CI

−11.3; 174.5), respectively; Table 1]. Elafibranor induced a

moderate reduction in BW as compared to obese ZSF1 rats

on AMLN diet [mean difference −33 mg (CI −62.0; −4.0)].

Semaglutide had no clear effect on BW [mean

difference −6.7 mg (CI −18.4; 5.0)].

3.2 Correlation analysis between blood
glucose and bladder weight

Among models with blood glucose levels greater than the renal

reabsorption threshold (>10 mM), IRS2 knock-out mice lacked and

db/db exhibited only a minor increase in BW (Table 1; Figure 1). In

contrast, bladder enlargement was observed in one study with a

glucose level below the threshold (<9 mM; fructose-fed rat I),

whereas studies with glucose levels approximately in the range of

the threshold (9–10 mM) exhibited bladder enlargement in two but

not in three other studies (Table 1; Figure 1).

Correlation analysis was performed within each model based

on individual animal data (Table 2; Figure 2). Strength of

correlation between glucose level and BW (expressed as r2)

varied markedly between models and ranged from 0.7226 in

RIP-LCMVmice to 0.005 in one of the HFDmice studies. Except

for the two ZSF1 rat studies, all groups had r2 values of <0.2,
indicating that inter-animal variability of glucose levels, serving

as a proxy of diabetic polyuria, statistically accounted for less

FIGURE 2
Correlation of bladder and bladder/body weight with glucose levels. To enable pooling of data from all studies, those for the upper left panel
shows bladder weight only from the non-control groups expressed as % of mean values in the control group within a study. The other three panels
show correlations within three representative studies; data from the remaining studies are shown in the Supplementary Material. A quantitative
description of the correlations is shown in Table 2. Mean values of bladder weight and glucose level in each study are shown in Table 1.
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than 20% of variability in BW. Comparable strength of

correlation was found when glucose levels were compared to

BBW; however, as a notable exception an r2 of 0.674 was found

for db/db mice, a model in which BW was not markedly changed

but body weight about doubled (Table 2). When data from the

hyperglycaemic/diabetic animals of all studies were pooled, r2

was 0.0621 (Figure 2), indicating that glucose did not explain

bladder weight variability in an inter-model analysis.

3.3 Correlation between serum insulin and
bladder weight

In post-hoc correlation analyses between insulin levels and

BW within each of the six studies with available insulin data

(Table 3) and in a pooled analysis of all studies (Figure 3), a

strong correlation was observed in one study with fructose-fed

rats (r2 = 0.5127), this was neither confirmed in another study in

this model nor in both studies with ZSF1 rats or in two studies

with HFD; of note, a numerically inverse correlation was

observed in one study with HFD mice (see Supplementary

Material). In a pooled analysis of data from all animals in the

hyperglycaemic/diabetic groups, a week inverse correlation was

observed (Figure 3, r2 = 0.0718, descriptive p-value 0.0077).

Plasma insulin levels also positively correlated with BBW in

the first fructose-feeding study but, if anything, inversely in the

other five studies with available insulin data (Table 3).

4 Discussion

We have used data from 16 studies representing nine distinct

rodent models of diabetes and 513 animals to address three

specific questions:

- How widespread is urinary bladder enlargement in rodent

models of experimental diabetes, particularly type

2 diabetes?

- How do diets and treatments other than insulin affect

bladder enlargement?

- Is diabetic polyuria the key driver of diabetes-associated

bladder enlargement across animal models?

4.1 Critique of methods

It is a unique feature of the present study that it is fully based on

data from experiments designed and conducted for other purposes.

This is a limitation and a strength. The limitation results from the

fact that the original studies were neither designed nor powered to

explore bladder enlargement and its causes; moreover, the 16 studies

were heterogeneous in species (rat and mouse), type 1 vs. type

2 diabetes, specific aspects of models including hereditary vs.

acquired disease, duration of observation, and possible centre

differences between contributing laboratories. To accommodate

this limitation, we have expressed data in the hyperglycaemic/

diabetic groups as % of the mean value in the corresponding

euglycemic group for all inter-study analyses.

The 16 studies also varied in time fromonset of diabetes to tissue

harvesting, which raises the question whether that time period had

been sufficient to induce the bladder weight phenotype. While none

of the 16 studies had been designed to assess the bladder weight

phenotype, we feel comfortable that time between onset and

harvesting was sufficient to increase bladder weight if it occurs in

a givenmodel for two reasons. Firstly, each study had been designed

and conducted to measure a specific phenotype; this target

phenotype (distinct for each study) was reached in all studies.

Second, we have previously analysed 83 groups of STZ vs.

control rats (Arioglu Inan et al., 2018). Pooled analysis of extent

of bladder enlargement vs. time suggested that bladder enlargement

was largely complete after about 1 week after STZ injection. This was

corroborated by looking at the time courses of the 10 studies that

had tested three or more time points.

These limitations are outweighed by using an unprecedented

number of models and studies. Given that each animal model of

diabetes has limitations (Islam, 2013; Lenzen, 2017), use of such

variety of models should help to obtain data applicable to the

heterogeneous population of diabetic patients (Ahlqvist et al.,

2020). Moreover, using data from studies designed for other

purposes fulfils the ethical mandate of the 3R principles to reduce

the use of experimental animals wherever possible (Kilkenny

et al., 2010). Generating a comparable number of models and

TABLE 3Correlation between plasma insulin and bladder and bladder/
body weight across animal models of type 2 diabetes.

n total Bladder weight Bladder/body
weight

r2 p r2 p

ZSF1 rats (20-weeks, Hoechst)

30 0.0209 0.4461 0.0335a 0.3329

ZSF1 rats (28-weeks, Hoechst)

45 0.0058a 0.6192 0.0557a 0.1186

Fructose-fed rats I (Mexico City)

12 0.5127 0.0088 0.4773 0.0129

Fructose-fed rats III (Mexico City)

14 0.0080 0.7605 0.1626a 0.1529

HFD mice + semaglutide (Hoechst)

23 0.0529a 0.2912 0.1046a 0.1322

HFD mice (Mainz)

18 0.1319 0.2459 0.3389a 0.0470

Animals from diabetic and non-diabetic group were pooled for each correlation analysis.

Shown are total number of animals per model, squared correlation coefficient (r2) and

descriptive p-value.
anegative slope (inverse correlation).

A graphical representation of representative groups is shown in Figure 3, all other

groups in the Supplementary Material.
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studies for the primary purpose of the present analyses would

have been too resource-intensive to be justifiable and perhaps

even unethical. Thus, the present analyses probably represent the

largest collection of models and studies ever analysed for any

outcome parameter within a single project in diabetes research.

4.2 Bladder enlargement across models

More than 70 previous studies have demonstrated a

consistent enlargement of the urinary bladder in rats injected

with STZ (mean BW 178% of control; range 99%–440%)

(Arioglu Inan et al., 2018). A similar degree of enlargement

was observed in a small number of studies with STZ-injected

mice and rabbits, while other type 1 diabetes models including

alloxan-injected rats and rabbits, BB/Wor rats and Akita mice

exhibited a less pronounced increase in BW (Ellenbroek et al.,

2018). Our studies with STZ-injected rats [two reported here, a

third reported elsewhere (Yesilyurt et al., 2021)] confirm these

findings. Moreover, we extend this to another model of type

1 diabetes, RIP-LCMV mice, for which no BW data have been

reported in the past.

Previous data in animal models of type 2 diabetes/obesity was

limited to five models: fructose-fed rats, HFD mice, Goto-

Kakizaki rats, Zucker diabetic fatty rats, and db/db mice

(Ellenbroek et al., 2018). Across those models, bladder

enlargement was small (about 150% of control) in fructose-fed

rats and db/db mice, largely absent in HFD mice and in Goto-

Kakizaki rats, but greater than the average enlargement in STZ-

injected rats in Zucker diabetic fatty rats. Our present studies

largely are in line with these findings. Our experiments also add

data on four type 2 diabetes/obesity models for which bladder

data had not been reported previously. We found a major

increase in ZSF1 rats (>200% of control); as ZSF1 rats are a

cross between Zucker diabetic fatty and spontaneously

hypertensive rats and as Zucker rats were reported to exhibit

a major bladder enlargement (Ellenbroek et al., 2018), these data

are in line with previous findings. A moderate increase in bladder

size was observed in rats injected with STZ at the neonatal stage

and in ob/ob mice, whereas IRS2 knock-out mice did not exhibit

FIGURE 3
Correlation of bladder weight with insulin levels. To enable pooling of data from all studies, those for the upper left panel shows bladder weight
only from the non-control groups expressed as % ofmean values in the control groupwithin a study. The other three panels show correlations within
three representative studies; data from the remaining studies are shown in the Supplementary Material. A quantitative description of the correlations
is shown in Table 3. Mean values of bladder weight and insulin level in each study are shown in Table 1.
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bladder enlargement. In conclusion, the present data almost

double the number of models of type 2 diabetes for which

BW data have been reported. Together with data from

previous systematic reviews (Arioglu Inan et al., 2018;

Ellenbroek et al., 2018), these findings indicate that all animal

models of type 1 diabetes exhibit bladder enlargement, although

perhaps to a different extent, whereas BW increases markedly in

some models of type 2 diabetes, only moderately in others and

not at all in additional models. Apparently, severity of diabetes as

assessed by blood glucose levels does not explain the observed

heterogeneity of bladder enlargement. While the reasons for this

heterogeneity are not fully clear, it is interesting that subgroups of

patients with type 2 diabetes exhibiting distinct phenotypes are

now also being recognized (Ahlqvist et al., 2020).

Other than in diabetes, bladder enlargement occurs in many

conditions in animal models and patients, including bladder

outlet obstruction and bladder denervation (Michel and Arioglu-

Inan, 2021). It typically is associated with LUTD. Therefore, a

better understanding of the pathophysiology underlying

diabetes-associated bladder enlargement may help to define

innovative treatment strategies to combat frequent LUTD in

diabetic patients.

4.3 Differential effects of diets and
pharmacological treatments

The present studies are the first to explore effects of drug

treatments other than insulin (Ellenbroek et al., 2018) on

diabetes-associated bladder enlargement. The four drugs

applied in the underlying studies had the expected effects or

lack thereof on glucose levels for the model in which they were

used but, like the diets, did not affect glucose and BW in the same

way in several cases: empagliflozin [a glycosuric drug (Michel

et al., 2015)] lowered glucose but, if anything, increased BW;

linagliptin (a drug not affecting glucosuria) tested within the

same study caused a similar extent of bladder enlargement

without affecting glucose levels. Semaglutide lowered glucose

without affecting BW, and elafibranor did not affect glucose but

reduced BW. These differential effects of diets and drug

treatments are not easy to interpret because none of the

studies had been designed to compare diet or drug effects on

glucose and BW and because CI were wide in several cases.

Nonetheless, the divergent effects casted doubt on the

assumption that diabetic polyuria is the main reason for

bladder enlargement.

4.4 Role of glucose and insulin in bladder
enlargement

When blood glucose levels exceed the renal reabsorption

threshold, the excreted glucose can act as an osmotic diuretic and

cause diabetes-associated polyuria. It had been proposed that

such polyuria is the main cause for bladder enlargement in

experimental diabetes. Support for this hypothesis largely

comes from studies in which feeding with sucrose caused a

similar degree of diuresis as STZ injection and a similar

degree of bladder enlargement (Kudlacz et al., 1988; Eika

et al., 1994; Fukumoto et al., 1994; Tammela et al., 1994;

Tammela et al., 1995; Liu and Daneshgari, 2005; Xiao et al.,

2013). The polyuria hypothesis mechanistically implies that the

degree of enlargement should be correlated with blood glucose

levels because glucose levels determine the extent of diabetic

polyuria. However, the presence of bladder enlargement

segregated only poorly with glucose levels relative to the renal

reabsorption threshold in our analyses of 16 studies.

To further test the diabetic polyuria hypothesis, we have

previously correlated the reported glucose levels and bladder size

alterations at the group level across a total of >100 studies: while
we detected a correlation at the group level, it was only of

moderate strength, i.e., less than 20% in variability of BW

could mathematically be attributed to that of glucose levels

(Ellenbroek et al., 2018). A major limitation of that analysis

was that we only had access to data at the group level. We

performed a similar correlation analysis based on individual

animal data for glucose level and BW in a recent pilot study,

which also yielded a correlation of only moderate strength

(Yesilyurt et al., 2021). Therefore, individual animal-based

correlation analyses were performed for the 16 studies

reported here as a pre-specified outcome parameter (Table 2).

BW was correlated with blood glucose concentration in the three

studies with type 1 diabetes models but only in three out of

13 studies in type 2 diabetes/obesity models. Moreover, the

strength of correlation varied markedly across models. Thus, a

strong correlation was observed in RIP-LCMV mice, a moderate

correlation in STZ-injected rats, ZSF1 rats and rats with neonatal

STZ injection, but correlations were very weak if existing at all in

the other models. To corroborate these findings, we also

performed a correlation analysis based on pooled individual

animals from the hyperglycaemic/diabetic groups of all

16 studies, which yielded an r2 of 0.0621 (Figure 2). While a

positive correlation does not prove a cause-effect relationship,

lack of correlations makes it unlikely that such relationship exists

to a biologically meaningful extent. Taken together, these data do

not support the hypothesis that polyuria is the main factor to

explain diabetes-associated bladder enlargement.

Insulin is not only a hormone but also a growth factor (Ikle

and Gloyn, 2021), and fructose-fed rats often exhibit a greater

increase in insulin than in glucose levels, possibly reflecting

peripheral insulin resistance (Chen et al., 2018). After having

noticed a moderate to strong correlation of bladder enlargement

with insulin levels in one study with fructose-fed rats (r2 =

0.5127), we performed a similar post-hoc analysis on the

other five studies with available insulin data: all five studies

including another study in fructose-fed rats exhibited very
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weak, and in one of them and in the pooled analysis of all studies

numerically inverse correlations (Figure 3; Table 3). This is not

too surprising given that type 1 diabetes is characterized by a

reduced presence of insulin; while insulin can be increased in

models of type 2 diabetes including those reported here, this

effect typically is counterbalanced by a reduced insulin

sensitivity.

Thus, our data on diets, drug treatments, blood glucose levels

relative to the renal reabsorption threshold andmost importantly

our correlations between glucose and BW at the individual

animal level do not support the diabetic polyuria hypothesis

of bladder enlargement in animal models of type 2 diabetes.

While this mechanism may play a role in some models such as

RIP-LCMV mice, and perhaps a more moderate one in STZ-

injected rats, it plays only a very minor if any role in most other

models. More generally, our data suggest that animal models of

diabetes not only differ in the presence and extent of bladder

enlargement, but also in the pathophysiology leading to such

enlargement in the models where it occurs. This conclusion is in

line with the proposal that human type 2 diabetes is a

heterogeneous condition with multiple underlying subgroups

(Ahlqvist et al., 2020).

5 Conclusion

Based on an unprecedented number of studies and animal

models, we have shown that bladder enlargement is ubiquitous in

animal models of type 1 diabetes and common, but not

consistently present in those of type 2 diabetes/obesity. This

heterogeneity among type 2 diabetes models is not explained by

the severity of diabetes/hyperglycaemia, specifically not by

glucose levels relative to the renal reabsorption threshold. For

the first time, we have explored effects of various diets and drug

treatments other than insulin on diabetes-associated bladder

enlargement; many of them had differential effects on glucose

levels and bladder enlargement. These differential effects

together with the generally moderate to absent association of

glucose levels with BW do not support the hypothesis that

diabetic polyuria is the main cause of diabetes-associated

bladder enlargements—at least in most models. Refuting the

polyuria hypothesis generates the necessity for additional studies

to identify alternative mechanisms leading to bladder

enlargement in some experimental models of diabetes. Our

analyses highlight the heterogeneity between animal models of

diabetes. While type 2 diabetes patients apparently also are a

heterogeneous group (Ahlqvist et al., 2020), specific links

between such subgroups and specific animal models remain to

be established. Finally, our data demonstrate that major research

accomplishments can be made without use of extra animals if

smart planning is applied.
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Functional brain imaging and
central control of the bladder in
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Central control of the bladder is a complex process. With the development of

functional imaging technology and analysis methods, research on brain-

bladder control has become more in-depth. Here, we review previous

functional imaging studies and combine our latest findings to discuss brain

regions related to bladder control, interactions between these regions, and

brain networks, as well as changes in brain function in diseases such as urgency

urinary incontinence, idiopathic overactive bladder, interstitial cystitis/bladder

pain syndrome, urologic chronic pain syndrome, neurogenic overactive

bladder, and nocturnal enuresis. Implicated brain regions include the pons,

periaqueductal grey, thalamus, insula, prefrontal cortex, cingulate cortex,

supplementary motor area, cerebellum, hypothalamus, basal ganglia,

amygdala, and hippocampus. Because the brain is a complex information

transmission and processing system, these regions do not work in isolation

but through functional connections to form a number of subnetworks to

achieve bladder control. In summarizing previous studies, we found changes

in the brain functional connectivity networks related to bladder control in

healthy subjects and patients involving the attentional network, central

executive network or frontoparietal network, salience network, interoceptive

network, default mode network, sensorimotor network, visual network, basal

ganglia network, subcortical network, cerebella, and brainstem. We extend the

working model proposed by Griffiths et al. from the brain network level,

providing insights for current and future bladder-control research.

KEYWORDS

bladder, urination, functional magnetic resonance imaging, near-infrared
spectroscopy, brain mapping

Introduction

Understanding brain-bladder control mechanisms in healthy adults is essential to

identifying the central abnormalities in patients with lower urinary tract dysfunction

(LUTD). The lower urinary tract has two main functions: urine storage and micturition.

Switching between the two phases depends on current bladder capacity, external

environment, and volitional control. The supraspinal, spinal, autonomic, and somatic

nerve pathways work together to control the balance between these two functions. In
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2008, Fowler et al. (2008) proposed the neural circuits that

control continence and micturition. Specifically, there are two

reflexes: 1) Urine storage reflexes, which occur mainly in the

spinal cord and are important in the urine-storage phase. During

bladder filling, bladder distention generates low levels of bladder-

afferent signals that stimulate the hypogastric and pudendal

nerves to contract the bladder outlet, inhibit the contraction

of the detrusor, and contract the external urethral sphincter,

respectively; and 2) Voiding reflexes, in which the intense

afferent signal from the bladder during urination activates the

pontine micturition center (PMC), which increases the efferent

activity of the parasympathetic nerve and contracts the detrusor

muscle, while inhibiting efferent activity of the sympathetic and

pudendal nerves to the urethral outlet. Upstream afferent signals

from the spinal cord may reach the PMC through the

periaqueductal grey (PAG).

People can urinate voluntarily when it is convenient or delay

urination when it is inconvenient, which may rely on brain

circuits above the PAG. (Fowler et al., 2008). Because previous

articles have reviewed PAG and pons in detail, (de Groat et al.,

2015), we focused on brain regions above PAG, especially the

interaction between brain regions and networks.

Brain regions related to bladder control

The idea that the brain may be involved in bladder control

was supported by clinical experience. As early as 1964, Andrew

and Nathan found that prefrontal cortex (PFC) lesions caused by

issues such as tumors, aneurysms, wounds, and leukotomy,

which may lead to an impaired ability to inhibit the voiding

reflex, resulting in urinary urgency and incontinence, suggesting

that the PFC is crucial for bladder control. (Andrew and Nathan,

1964). In 1996, Sakakibara (Sakakibara et al., 1996) analyzed the

cranial computed tomography (CT) or magnetic resonance

imaging (MRI) of 72 patients with acute hemispheric stroke

and their urodynamic examination results, finding that patients

with frontal lobe lesions showed detrusor hyperreflexia and

uninhibited sphincter relaxation, leading to lower urinary tract

symptoms (LUTS) such as frequency and urgency urinary

incontinence (UUI) in stroke patients.

In the past few decades, with the rapid development of

functional brain imaging technology, single-photon emission

CT (SPECT) and positron emission tomography (PET)

technologies have been gradually applied in brain-bladder

research. These methods can indirectly reflect local brain

neural activity by measuring regional cerebral blood flow

(rCBF) changes in brain regions. (Kitta et al., 2015).

Fukuyama et al. (1996) first used SPECT in 1996 to search for

brain regions with activity potentially correlated to urination

control in healthy subjects. In 1997, Blok et al. (1997) first

performed a 15O-H2O PET study of healthy men during

storage, micturition, and post-micturition. They conducted the

same study in 1998 in healthy women, finding the same changes

(i.e., significantly increased blood flow in the inferior frontal

gyrus, pons, and PAG). They suggested that the micturition may

be associated with these brain regions. (Blok et al., 1998). In 2000,

Nour et al. (2000) first applied the experimental paradigm of

bladder filling by means of bladder perfusion, in which the

bladder was filled by perfusing normal saline into the

intravesical catheter. They were the first to try a PET scan

with simultaneous detrusor pressure monitoring. PET scans

were performed during an empty bladder, full bladder

(normal desire to void), and micturition.

Subsequently, two other brain functional imaging

techniques, namely functional magnetic resonance imaging

(fMRI) and functional near-infrared spectroscopy (rs-fNIRS),

have been used to study the hypothetical central mechanism of

bladder control. fMRI is based on the quantification of

paramagnetism of deoxy-Hb and has the advantages of high

temporal and spatial resolution. (Kitta et al., 2015). The

physiological processes underlying BOLD fMRI imaging are

neurovascular coupling mechanisms. (Stackhouse and Mishra,

2021). Specifically, increased synaptic activity leads to the

dilation of local arterioles and an increase in cerebral blood

flow (CBF) to match enhanced metabolic demands and maintain

normal brain function. (Munoz et al., 2015). fNIRS is based on

the absorption of near-infrared light by oxyhemoglobin (oxy-

Hb) and deoxy-Hb and has the advantages of portability and high

temporal resolution. (Jobsis, 1977).

Previous studies have shown that activation of brain regions

shows increased rCBF and glucose utilization but little increase in

oxygen utilization, resulting in an increase in the amount of

oxygen available in the active regions (i.e., oxy-Hb), which

explains the blood oxygen level-dependent (BOLD) signal of

fMRI and fNIRS, while deactivation shows an opposite pattern of

change. (Raichle et al., 2001). Because both excitatory and

inhibitory neural activity increase local glucose utilization in

animal models, (Ackermann et al., 1984; Batini et al., 1984),

deactivation is unlikely to result from increased activity of locally

inhibitory neurons. Deactivation, in contrast, may indicate a

reduction in nerve cell activity to a level below baseline.

In 2015, Griffiths et al. (2015a) (de Groat et al., 2015)

reviewed previous brain functional imaging studies and

proposed a working model related to bladder control.

Specifically, circuit one includes the thalamus, insula, lateral

PFC (LPFC), medial PFC (MPFC), and PAG. Griffiths et al.

(2015a) suggested a possible mechanism for maintaining

continence in healthy subjects: the sensation of bladder

dilation is uploaded to the insula via the thalamus, which

activates LPFC and in turn reduces MPFC activity through an

inhibitory connection, reducing MPFC input to PAG, stabilizing

PAG and inhibiting the voiding reflex and, finally, maintaining

continence.

Circuit 2 includes the dorsal anterior cingulate cortex

(dACC) and supplementary motor area (SMA). The team
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suggested that this circuit is a backup used by people with UUI or

overactive bladder (OAB) rather than healthy subjects. That is, if

there is a threat of urinary incontinence, dACC and SMA seem to

respond by producing a sense of urgency and urinary sphincter

contraction, enhancing the ability to delay urination. Circuit

3 includes the PAG and parts of the inferior or middle temporal

(parahippocampal) cortex, whose role may be to provide

unconscious monitoring during low bladder volume/low

bladder sensation in healthy subjects.

Urine storage phase

Most previous functional brain imaging studies focused on

changes in brain activity during the urine storage phase. These

studies achieved a full bladder/desire to void by having

participants drink water (Fukuyama et al., 1996; Blok et al.,

1997; Gao et al., 2015; Pang et al., 2020; Pang and Liao, 2021) and

performing repeated perfusion/withdrawal of saline through the

urinary catheter, (Griffiths et al., 2005; Matsumoto et al., 2011;

Pang et al., 2021), or repeated spontaneous contraction of pelvic

floor muscles (Kuhtz-Buschbeck et al., 2005; Zhang et al., 2005;

Seseke et al., 2006) to activate relevant brain regions. Our recent

fMRI study (Pang et al., 2021) found that regional homogeneity

(ReHo) values in the thalamus, insula, medial frontal gyrus, and

bilateral superior frontal gyrus of healthy adults changed

significantly when the bladder was full rather than empty,

which support the theory of this model. Sakakibara et al.

(1996) found that LUTS might be associated with thalamus

impairment in stroke patients after the analysis of the lesion

site by CT and MRI. Previous studies have shown that

bladder filling, leading to a desire to void, may significantly

activate the insula in healthy subjects, and activation increases

with the degree of bladder filling and desire to void. (Kuhtz-

Buschbeck et al., 2005). Moreover, in OAB patients, insula

activation was exaggerated during bladder filling, (Griffiths

et al., 2005; Tadic et al., 2010), so the insula was considered

related to bladder distention and the desire to void. The

interoceptive visceral sensation (bladder distention) 27is

uploaded through the spinal cord and then relayed in the

thalamus, targeting the insula, the interoceptive afferent

cortex. (Blok et al., 1997; Craig, 2003).

The PFC, located in brain regions in front of the primary and

premotor cortex, including the superior frontal gyrus, middle

frontal gyrus, and inferior frontal gyrus, was shown to be related

to bladder control in previous neuroimaging studies. (Nour et al.,

2000; Griffiths et al., 2009). Previous studies showed MPFC

deactivation (Griffiths et al., 2007; Griffiths et al., 2009) and

LPFC activation when the bladder was full during urine storage.

(Kuhtz-Buschbeck et al., 2005; Yin et al., 2008; Sakakibara et al.,

2010; Matsumoto et al., 2011). The deactivation of MPFC is

thought to be related to maintaining urine storage. (Blok et al.,

1997; Blok et al., 1998; Griffiths et al., 2007; Griffiths et al., 2009).

Andrew and Nathan generalize their idea of a possible center

(i.e., the medial, periventricular, mid-frontal region) that might

control the function of urination after reviewing a case series that

included an abundance of leukotomy patients. They found that

permanent urination problems may be associated with large

lesions and severe lesions. (Andrew and Nathan, 1964).

Deactivation of the MPFC may indicate reduced neural

activity of the MPFC to below baseline. (Raichle et al., 2001).

MPFC is an important part of the default mode network (DMN),

which is characterized by activation of brain areas within the

network in the resting state (i.e., eyes closed or simple visual

fixation) and deactivation in the presence of external stimuli.

(Raichle et al., 2001; Fox and Raichle, 2007). Deactivation of a

brain region within DMN indicates that resting activity is

suspended while the brain uses its resources to process events

that require conscious attention.

But until now, it has not been clear whether the deactivation

of MPFC during urine storage phase is the cause of urinary

incontinence or the mechanism by which the urination reflex is

suppressed and continence is maintained. Griffiths believes the

latter is the brain response of people trying to avoid improper

bladder contractions. (Griffiths, 2015b). The fear of public

incontinence during urinary urgency can cause tension related

to social etiquette, with increased heart rate. Previous studies

have shown that this increased heart rate caused by social

evaluative threat may be mediated by activation of rostral

dorsal ACC and deactivation of ventral mPFC. (Wager et al.,

2009). Griffiths suggested that the bladder control during urinary

urgency may be achieved by using a dorsal ACC-based

sympathetic mechanism and MPFC-based parasympathetic

mechanism. (Griffiths, 2015a). PFC is involved in human

higher cognitive function, and the brain region responsible for

executive function is mainly the bilateral dorsolateral prefrontal

cortex (DLPFC), including BA9, 10, and 46. Executive functions

include organizing input from different sensory modes,

maintaining attention, monitoring information in working

memory, and coordinating goal-directed behavior. (Teffer and

Semendeferi, 2012). Duffau and Capelle (2005) reported two

cases of patients with long-term UUI after glioma resection,

considering that DLPFC lesions confirmed by structural MRI

may result in an inability to delay voiding. Previous studies have

shown that the stronger the desire to void, the stronger the

activation of bilateral DLPFC, suggesting that DLPFC may be

related to the monitoring of interoceptive stimulation and the

perception of bladder sensation. (Kuhtz-Buschbeck et al., 2005;

Matsumoto et al., 2011).

Micturition phase

Compared with the urine storage stage, relatively few

studies have investigated changes in brain activity during

micturition, including one SPECT, (Fukuyama et al., 1996),
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three PET, (Blok et al., 1997; Blok et al., 1998; Nour et al., 2000),

and two fMRI studies. (Krhut et al., 2012; Shy et al., 2014). The

task paradigm of repeated micturition was first used in 2012.

(Krhut et al., 2012). By summarizing information on the brain

regions involved in these studies for the first time (Table 1), we

found that the frequency of activation of brain regions during

micturition was five times for the LPFC/inferior frontal gyrus and

pons; three times for PAG, hypothalamus, basal ganglia, and

anterior cingulate cortex (ACC); twice for the postcentral gyrus,

thalamus, insula, superior frontal gyrus, cerebellar, and SMA.

This suggests that these brain regions play an important role in

the micturition phase.

Interactions between brain regions and
networks

In addition to studying the activation/deactivation of a

specific brain region associated with bladder control, some

studies over the past 20 years have focused on the

communication, collaboration, separation, and integration of

brain regions. Functional connectivity (FC) refers to the

display of coherent neural activity in anatomically isolated

brain regions. The FC of different paired brain regions

together constitute brain functional networks. (Ketai et al.,

2016; Zuo et al., 2019b). By summarizing these studies, we

TABLE 1 Brain areas activated during micturition.

Brain areas activated
during micturition

Authors Subjects Functional imaging technique

Lateral PFC/inferior frontal gyrus Fukuyama et al. (1996) Healthy men SPECT

Blok et al. (1997) Healthy men PET

Blok et al. (1998) Healthy women PET

Nour et al. (2000) Healthy men PET

Krhut et al. (2012) Healthy women fMRI

Pons/PMC Fukuyama et al. (1996) Healthy men SPECT

Blok et al. (1997) Healthy men PET

Blok et al. (1998) Healthy women PET

Nour et al. (2000) Healthy men PET

Shy et al. (2014) Healthy women fMRI

PAG Blok et al. (1997) Healthy men PET

Blok et al. (1998) Healthy women PET

Nour et al. (2000) Healthy men PET

Hypothalamus Blok et al. (1997) Healthy men PET

Blok et al. (1998) Healthy women PET

Nour et al. (2000) Healthy men PET

Basal ganglia Blok et al. (1997) (striatum) Healthy men PET

Nour et al. (2000) (globus pallidus) Healthy men PET

Shy et al. (2014) (caudate nucleus and lentiform nucleus) Healthy women fMRI

ACC Blok et al. (1997) Healthy men PET

Krhut et al. (2012) Healthy women fMRI

Shy et al. (2014) Healthy women fMRI

Postcentral gyrus Nour et al. (2000) Healthy men PET

Shy et al. (2014) Healthy women fMRI

Thalamus Nour et al. (2000) Healthy men PET

Shy et al. (2014) Healthy women fMRI

Insula Nour et al. (2000) Healthy men PET

Shy et al. (2014) Healthy women fMRI

Superior frontal gyrus/mPFC Nour et al. (2000) Healthy men PET

Shy et al. (2014) Healthy women fMRI

Cerebellar Nour et al. (2000) Healthy men PET

Shy et al. (2014) Healthy women fMRI

SMA Fukuyama et al. (1996) Healthy men SPECT

Shy et al. (2014) Healthy women fMRI
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TABLE 2 Changes in the brain FC and networks related to bladder control in healthy subjects and patients with LUTD.

Network Description anatomic areas
and function

Activation or FC
changes within the network

Authors Subjects

Attentional network, AN Ventral AN includes the temporoparietal
junction (TPJ) and ventral frontal/prefrontal
cortex. Ventral AN response to unexpected
events (bottom-up attention) Vossel et al.
(2014)

Bladder distention increased the activation of
brain regions within the ventral AN (bilateral
TPJ). (task-fMRI)

Jarrahi et al.
(2015a)

Healthy women

The ventral AN (left supramarginal gyrus)
were significantly activated in healthy women
with a full bladder compared with an empty
bladder. (task-fMRI)

Nardos et al.
(2014)

Healthy women

Compared to the baseline before treatment,
combined groups showed decreased activation
of the left TPJ. (task-fMRI)

Ketai et al.
(2021)

UUI women; hypnotherapy
VS. pharmacotherapy

Compared to HC, UUI group showed greater
activation within the ventral AN (i.e., VLPFC,
bilateral middle superior temporal and
supramarginal gyrus). (task-fMRI)

Ketai et al.
(2016)

UUI women VS. HC

Dorsal AN includes the bilateral frontal eye
field and the intraparietal sulcus

Compared to pharmacotherapy,
hypnotherapy participants manifested
increased functional connectivity (FC) within
dorsal AN. (rs-fMRI)

Ketai et al.
(2016)

UUI women; hypnotherapy
VS. pharmacotherapy

Dorsal AN response to goal-directed (top-
down attention) processing. Vossel et al.
(2014)

FC within the dorsal DAN (i.e., precentral
gyrus) was significantly decreased in OAB
group compared with HC. (rs-fMRI)

Zuo et al.
(2019a)

OAB patients VS. HC

Central executive network
(CEN) or frontoparietal
network (FPN)

CEN consists of the DLPFC and the lateral
posterior parietal cortex. Chan et al. (2016)

Bladder distention increased the activation of
brain regions within the CEN (DLPFC and
posterior parietal cortices). (task-fMRI)

Jarrahi et al.
(2015a)

Healthy women

CEN is responsible for active maintenance
and manipulation of information in working
memory, as well as judgment and decision
making under goal-directed behavior. Chan
et al. (2016)

Compared to HC, OAB group showed
increased FC strength in middle frontal gyrus,
which is a part of DLPFC. (rs-fMRI)

Zuo et al.
(2019b)

OAB patients VS. HC

FC within the LFPN (i.e., superior frontal
gyrus) was significantly decreased in OAB
group compared with HC. (rs-fMRI)

Zuo et al.
(2019a)

OAB patients VS. healthy
controls

UUI patients had significantly abnormal
activation within CEN (i.e., inferior and
superior frontal gyrus) compared with HC.
(task-fMRI)

Nardos et al.
(2016)

UUI women VS. HC

Salience network (SN) or
interoceptive network (IN)

SN includes the ACC and the anterior insula.
Seeley et al. (2007)

Compared to empty bladder, we found
increased ReHo in the brain region (i.e., left
insula and bilateral ACC) within SN with a full
bladder. (rs-fMRI)

Pang et al.
(2021)

Healthy subjects; full
bladder VS. empty bladder

SN is responsible for locating and detecting
associated stimuli. Seeley et al. (2007)

Bladder distention increased the activation of
brain regions within the SN (anterior insula
and ACC). (task-fMRI)

Jarrahi et al.
(2015a)

Healthy women

The SN (i.e., left ACC) were significantly
activated in healthy women with a full bladder
compared with an empty bladder. (task-fMRI)

Nardos et al.
(2014)

Healthy women

Compared to HC, UUI group showed greater
activation within the Interoceptive network
(i.e., left island and ACC). (task-fMRI)

Ketai et al.
(2016)

UUI women VS. HC

(Continued on following page)
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TABLE 2 (Continued) Changes in the brain FC and networks related to bladder control in healthy subjects and patients with LUTD.

Network Description anatomic areas
and function

Activation or FC
changes within the network

Authors Subjects

Default mode
network, DMN

DMN includes the posterior cingulate cortex
(PCC), the medial prefrontal cortex (MPFC),
the precuneus, the medial temporal lobe, and
the AG. Fox and Raichle (2007)

Compared to empty bladder, we found
increased ReHo in the brain region (i.e., left
temporal gyrus and leftAG) within DMNwith
a full bladder. (rs-fMRI)

Pang et al.
(2021)

Healthy subjects; full
bladder VS. empty bladder

DMN is involved in social or self-referential
processing, stimulus-independent thought,
manipulation of episodic memories, and
semantic knowledge. Chan et al. (2016)

Compared to empty bladder, significantly
increased FC within DMN (i.e., superior
frontal gyrus, PCG, and AG) when the desire
to void was strong. (rs-fMRI)

Pang et al.
(2020)

Healthy subjects; strong
desire to void VS. empty
bladder

Bladder distention increased the activation of
brain regions within the DMN (MPFC, the
precuneus/PCC, bilateral parietal lobules, and
the inferior temporal gyri). (task-fMRI)

Jarrahi et al.
(2015a)

Healthy women

Compared to HC, OAB group showed
decreased FC strength in hubs of the DMN (eg
the PCG and the MPFC). (rs-fMRI)

Zuo et al.
(2019b)

OAB patients VS. HC

UUI patients had significantly abnormal
activation within DMN (i.e., inferior parietal
lobe) compared with HC. (task-fMRI)

Nardos et al.
(2016)

UUI women VS. HC

Compared to HC, UUI group showed greater
activation within the posterior DMN (i.e., PCC
and precuneus). (task-fMRI)

Ketai et al.
(2016)

UUI women VS. HC

Compared to HC, urologic chronic pain
syndrome (UCPPS) group showed that the FC
of DMN was significantly reduced to PCC and
left precuneus. (rs-fMRI)

Martucci
et al. (2015)

women with UCPPS
VS. HC

Sensorimotor
network, SMN

SMN includes the somatosensory area, the
primary motor cortex, the secondary motor
cortex, the SMA, and the premotor cortex.
Chan et al. (2016)

Compared to empty bladder, strong desire to
void group showed an increased nodal
efficiency in the SMN (i.e., bilateral postcentral
gyrus). (rs-fMRI)

Pang et al.
(2020)

Healthy subjects; strong
desire to void VS. empty
bladder

SMN has pre-mediated functions that
coordinate the functions of multiple brain
regions in preparation for motor responses
to sensory input. Zuo et al. (2019a)

FC within the SMN (i.e., paracentral lobule)
was significantly decreased in OAB group
compared with HC. (rs-fMRI)

Zuo et al.
(2019a)

OAB women VS. healthy
controls

UUI patients had significantly abnormal activation
within SMN (i.e., precentral and postcentral gyrus)
compared with HC. (task-fMRI)

Nardos et al.
(2016)

UUI women VS. HC

Visual network, VN VN located in the visual cortex and is divided
into dorsal VN and ventral VN.

Compared to empty bladder, strong desire to void
group showed an increased nodal efficiency in the
VN (i.e., superior occipital gyrus, bilateral middle
occipital gyrus, and cuneus). (rs-fMRI)

Pang et al.
(2020)

Healthy subjects; strong
desire to void VS. empty
bladder

The dorsal VN processes information about
the position of objects and adjusts visual
controls for skilled movements. Migliaccio
et al. (2016)

FC within the dorsal VN (i.e., left cuneus) was
significantly decreased in OAB group
compared with HC. (rs-fMRI)

Zuo et al.
(2019a)

OAB patients VS. healthy
controls with empty bladder

Basal ganglia network, BGN BGN includes the striatum, consisting of caudate
nucleus and lenticular nucleus (including
putamen and globus pallidus), claustrum,
amygdala, red nucleus, substantia nigra, and
subthalamic nucleus. (Smitha et al., 2017)

Compared to empty bladder, strong desire to
void group showed an increased nodal
efficiency in the BGN (i.e., caudate nucleus).
(rs-fMRI)

Pang et al.
(2020)

Healthy subjects; strong
desire to void VS. empty
bladder

BGN is responsible for the process of motor
areas control, emotion, cognition, etc. They
engage in goal-directed behavior that
requires movement. (Smitha et al., 2017)

Bladder distention increased the activation of
brain regions within the BGN (bilateral
striatum and amygdala) and thalamus. (task-
fMRI)

Jarrahi et al.
(2015a)

Healthy women

(Continued on following page)
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found changes in the brain FC and brain network related to

bladder control in healthy subjects and patients with LUTD,

including the following brain networks (Table 2): Attentional

network (AN), central executive network (CEN) or frontoparietal

network (FPN), salience network (SN) or interoceptive network

(IN), default mode network (DMN), sensorimotor network

(SMN), visual network (VN), basal ganglia network (BGN),

subcortical network, cerebella, and the brainstem.

Healthy subjects

Some studies on healthy subjects could serve as a basis for

explaining brain abnormalities in patients with LUTD. We found

that healthy subjects showed increased ReHo in the brain region

within DMN (i.e., left superior temporal gyrus and left angular gyrus

[AG]) and SN with a full bladder, compared with an empty bladder.

(Pang et al., 2021). Moreover, we found significantly increased FC

within DMN (i.e., superior frontal gyrus, posterior cingulate cortex

[PCC], andAG), and increased nodal efficiency (enodal) in the BGN

(i.e., caudate nucleus), DMN (i.e., PCC), SMN (i.e., bilateral

postcentral gyrus), and VN (i.e., superior occipital gyrus, bilateral

middle occipital gyrus, and cuneus) in healthy subjects when the

desire to void was strong versus an empty bladder. (Pang et al.,

2020). We suggested that that SN provides bladder sensation and

that DMN may provide self-reference, self-refection, and decision-

making about whether to void after assessment of the external

environment. Moreover, the bladder-control process may be

coordinated by multiple subnetworks (e.g., BG, SMN, VN).

(Pang et al., 2020; Pang et al., 2021). Nardos et al. (2014) found

that the SN (i.e., left ACC), ventral AN (left supramarginal gyrus),

and left cerebellum were significantly activated in healthy women

with a full bladder compared with an empty bladder. rs-fMRI

fixation effect analysis revealed significant changes in FC between

a full and empty bladder in DMN (i.e., MPFC, cingulate gyrus,

inferior lateral temporal gyrus), SMN (i.e., postcentral gyrus), and

BGN (i.e., amygdala and caudate nucleus). They suggested that

bladder control during bladder filling depends primarily on the

functional integration of distributed brain systems. Jarrahi et al.

(2015a) found that subliminal stimulation of bladder filling in

healthy women can cause significant changes in FC within and

between the SN (insula and ACC), SMN, subcortical network

(amygdala, hippocampus, and thalamus), and posterior DMN,

BGN, cerebellum, and brainstem networks, suggesting that

subliminal sensory input may affect mood, emotion, and behavior.

In another fMRI study, Jarrahi et al. (2015b) performed task

fMRI of repeated bladder perfusion/withdrawal of saline in four

states in healthy women [i.e., empty bladder (warm), empty

bladder (cold), 100 ml (warm), and strong desire to void

(warm)]. They found that visceral interoception (i.e., bladder

distention) in healthy women caused increased activation of

brain regions within the SN (anterior insula and ACC), CEN

[DLPFC and posterior parietal cortices (PPC)], DMN (MPFC,

precuneus/PCC, bilateral parietal lobules, and the inferior

temporal gyri), ventral AN [bilateral temporoparietal junction

(TPJ)], BGN (bilateral striatum and bilateral amygdala),

subcortical network (thalamus and parahippocampa gyri) and

cerebellum/brainstem networks. (Jarrahi et al., 2015b). By

analyzing the functional network connectivity (FNC), Jarrahi

et al. found that bladder filling in all four states could cause an FC

decrease between AN and DMN and an FC increase between the

DMN and subcortical network. Furthermore, compared with

empty bladder (warm), the FC between aDMN and AN in 100 ml

(warm) and strong desire to void (warm) state decreases, while

the FC between aDMN and BGN increases, as well as DMN and

SN. The team indicated that visceral sensation is a dynamic

process in which the components interact closely but are

separable. In this system, SN (insula, ACC), CEN (DLPFC

and posterior parietal cortex), thalamus, and ventral AN (TPJ)

provide visceral status monitoring and significance detection,

while the DMN (MPFC and IFG), BGN (striatum, and

amygdala), SN (insula and ACC), subcortical network

(thalamus, hippocampi, and parahippocampal gyrus) and

brainstem are more likely involved in the regulation of

arousal, motivation, emotion, and action initiation.

Urgency urinary incontinence

Ketai et al. (2016) found that the activation of some brain

regions in the UUI group were greater than in the HC group

when the bladder was full, including the interoceptive network

TABLE 2 (Continued) Changes in the brain FC and networks related to bladder control in healthy subjects and patients with LUTD.

Network Description anatomic areas
and function

Activation or FC
changes within the network

Authors Subjects

Patients with UUI who responded to pelvic
floor muscle therapy (PFMT) had significant
differences in FC of BG (caudate nucleus and
putamen), thalamus, and dACC compared
with before treatment. (rs-fMRI)

Clarkson
et al. (2018)

UUI women who responded
VS. non-responded to
PFMT
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(i.e., left insula, ACC and MCC), VAN (i.e., VLPFC, bilateral

middle superior temporal and supramarginal gyrus) and

posterior DMN (i.e., PCC and Precuneus). They thought the

increased desire to void was associated with greater urgency and

incontinence. Even before the bladder is full, the FC between

MCC and DAN in the UUI group was abnormally stronger than

in the HC group. On the contrary, the FC between MCC and

VAN in the HC group was stronger than in UUI group. Ketai

et al. (2016) suggested that this increased connection to DAN

may indicate top-down attentional support for goal-directed

(e.g., maintaining continence) behaviors in UUI patients. This

is different fromHC in that VAN is used for bottom-up attention

support.

Nardos et al. (2016) found that UUI patients had significantly

abnormal activation of brain regions within the DMN (i.e., inferior

parietal lobe), CEN (i.e., inferior and superior frontal gyrus), and

SMN (i.e., precentral and postcentral gyrus) compared with HC.

They suggested that LUTS is associated with attention, decision

making, and primary motor and sensory dysfunction in patients

with UUI. Moreover, six typical FC features could predict the

severity of UUI, including the connections linked to SN

(i.e., dorsal/ventral ACC) and DMN (i.e., AG and ventral

medial frontal regions) to SMN areas, between CEN

(i.e., superior frontal gyrus) and cerebellum and between SN

(i.e., insula) and SMN (i.e., paracentral lobule). They suggest

that UUI patients have atypical functional integration between

emotional, cognitive, andmotor areas that can help distinguish the

presence or absence of UUI and predict the severity of symptoms.

Clarkson et al. (2018) found that patients withUUIwho responded

to pelvic floor muscle therapy (PFMT) had significant differences

in FC of BGN (caudate nucleus and putamen) and dACC

compared with before treatment. They suggest that this

variation in FC indicates that the motor processing mechanism

may be related to UUI and can be altered by PFMT. Clarkson et al.

(2018) found that responders exhibit significant differences in the

FC (i.e., between the MPFC and the precuneus, cingulum and

postcentral gyrus) from nonresponders at baseline. They suggest

that UUI has two subtypes, one primarily caused by abnormalities

in brain control (responders) and the other with little to do with

brain function (nonresponders). Ketai et al. (2021) found that

successful pharmacological treatment of UUI is associated with

reduced activation of VAN (bottom-up attention), which may be

caused by the drug’s reduction of bladder-afferent impulses.

Conversely, the decrease in VAN activation in successful

hypnotherapy treatment of UUI may be due to the balancing

effect of DAN (top-down attention).

Overactive bladder

Zuo et al. (2019a) found that in OAB patients, the FC strength

within the DMN (i.e., MPFC and PCG), ACG, and MCG was

significantly decreased, while the FC strength ofmiddle frontal gyrus

(MFG), components of CEN, was significantly increased when

compared with healthy controls. They suggested that the reduced

FC strength of MPFC, ACG, MCG, and PCG result in inhibition of

urine storage and promotes voiding reflex in patients with OAB. In

another rs-fMRI study, Zuo et al. (2019a) found that the FC within

the SMN (i.e., paracentral lobule), ECN (i.e., both supramarginal

gyrus), DAN (i.e., precentral gyrus), dVN (i.e., left cuneus), and

LFPN(i.e., superior frontal gyrus) was significantly decreased, as well

as the FC between the SMN and the anterior DMN, is reduced in

OAB group compared with HC. They believe that these brain

networks are related to bladder control, which can perform a

series of sensory, motor, emotional, and cognitive processing of

incoming signals from the bladder, and evaluate and respond to

them in the social environment. These intranetwork and

internetwork FC anomalies may affect the OAB.

Our recent study (Pang et al., 2022) showed that the activation of

left DLPFC was significantly reduced in OAB patients with a strong

desire to void compared with HC and that LUTS improved in OAB

patients after 2–4 weeks of sacral neuromodulation (SNM), while

the activation of the left DLPFC was restored with no significant

difference fromHC.We suggest that decreased DLPFC activation in

OAB patients releases its inhibition of the voiding reflex, leading to

classic OAB symptoms.

Interstitial cystitis/painful bladder
syndrome or urologic chronic pain
syndrome

We investigated the FC within the prefrontal cortex (PFC) of

patients with IC/BPS versus healthy subjects using the rs-fNIRS.

(Pang and Liao, 2021). FC was significantly decreased within the

PFC in the IC/BPS group, whether with an empty bladder or a

strong desire to void. Moreover, compared with the empty

bladder state (BA9,10, and 46; 18 edges), the FC decreased in

a wider range during the strong desire to void (BA9,10,45, and 46;

28 edges). Edge stands for FC between two brain regions. We

suggest that the abnormal reduction of FC within the PFC in IC/

BPS patients may cause the release of inhibition of the PFC on the

voiding reflex, causing LUTS. Kilpatrick et al. (2014) found

significant changes in the frequency distribution of visceral

sensation (insula), somatosensory (postcentral gyrus), and

motor area (anterior paracentral lobule and SMA) in IC/BPS

patients compared with HC. They suggest that sensory and

motor dysfunction in IC/BPS patients is a pathological

mechanism. Kilpatrick et al. (2014) found that the insula and

SMA were enhanced with FC in the midbrain (red nucleus) and

cerebellum, and they suggested that it is also a manifestation of

IC/BPS pathology. Martucci et al. (2015) found that FC of DMN

was significantly reduced to the PCC and left precuneus in

women with urologic chronic pain syndrome (UCPPS)

compared with HC. They suggested that DMN dissociation

occurs in UCPPS patients and that pain and emotional
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regulation may be related to the self-referential thinking and

introspective neural processes responsible for DMN.

Neurogenic overactive bladder

Gao et al. (2021) found that PFC and ACC were activated in

neurogenic detrusor overactivity (NDO) patients with tethered

cord syndrome compared with the HC group. Moreover,

compared with HC, FC analysis showed increased FC between

different regions within the PFC and decreased FC between the

PFC and other brain regions in NDO patients. They suggest that

decreased FC in PFC and other bladder control-related brain

regions may be related to reduced PFC decision-making

function, which may affect bladder control.

Nocturnal enuresis

Jiang et al. (2018) found that the degree centrality values of

posterior cerebellar lobe, ACC, MPFC, and the left superior

temporal gyrus in children with nocturnal enuresis (NE) were

significantly decreased in HC, suggesting that these brain regions

may be associated with NE. Lei et al. (2012) used rs-fMRI to study

changes in spontaneous brain activity in children with primary

monosymptomatic NE. They found significant differences in

amplitude of low frequency fluctuation (ALFF) or ReHo in

the left inferior frontal gyrus/LPFC and MPFC (Brodmann

area, BA10) compared with HC, suggesting that abnormalities

in the inferior frontal gyrus/LPFC and MPFC may affect

children’s urination decision-making ability.

Discussion

Our review has two novel hypotheses. First, we summarized

studies on the activation changes of brain regions during the

micturition phase, illuminating possible brain circuits during

micturition. Second, we summarized brain FC and brain network

studies related to bladder control, providing new information on

the existing bladder control model proposed by Griffiths et al.

(2015a) (de Groat et al., 2015) in 2015.

Brain circuits associated with micturition

Only six previous brain functional imaging studies on the

micturition phase have been conducted, far fewer than those on

the storage phase. To better explain brain activity during voiding,

we summarized the six studies (Table 1) and found that the

frequency of activation of brain regions during micturition was

five times more for the LPFC/inferior frontal gyrus and pons;

three times more for the PAG, hypothalamus, basal ganglia, and

ACC; twice for the postcentral gyrus, thalamus, insula, superior

frontal gyrus, cerebellar, and SMA.

In short, the LPFC is activated both during storage and

urination, while the MPFC is deactivated during storage but

activated during micturition. Pons is activated only during

micturition, while the PAG, ACC, insula, thalamus,

hypothalamus, basal ganglia, and postcentral gyrus are

activated in both phases. We believe that, similar to urine

storage, micturition also requires DLPFC activity for executive

function (i.e., organization of input from different sensory modes

(e.g., bladder sensation and vision), maintaining attention,

monitoring information (e.g., surroundings and social

etiquette) in working memory, and coordinating goal-directed

(voiding) behavior. (Teffer and Semendeferi, 2012).

Given that MPFC activation is critical for the representation of

reward- and value-based decisions, (Hiser and Koenigs, 2018), we

suggest that decisions about voiding are driven byMPFC activation at

the onset of micturition. Manohar et al. (2017) found that LC and

MPFC activation in rats occurred synchronously about 20 s before

urination, presenting consistent θ oscillations, which they suggested

shifted the rats from ongoing behaviors unrelated to urination to

initiation of specific urination behaviors in order to urinate in

appropriate conditions. Although PAG is activated in both phases,

the degree of activation may be different. (Griffiths, 2015a). We

considered that the activation of MPFC may further increase the

activity of PAG to exceed a certain threshold, activating the pons,

which transmits the void impulse to the spinal cord and controls the

coordinated movement of detrusor muscle and urethral sphincter to

achieve voiding.

The ACC, insula, thalamus, hypothalamus, basal ganglia, and

postcentral gyrus have been reported to be activated in both phases,

and we believe that these brain regions play a similar role in urine

storage and urination. For example, bladder sensation is uploaded to

the insula via the thalamus, and the insula and ACC, as parts of the

SN, are responsible for sensing and encoding the desire to void. The

postcentral gyrus may be involved in somatosensory perception as

part of the SMN. Yamamoto et al. (2005) analyzed three patients with

hypothalamic compression due to pituitary adenoma and found that

hypothalamic lesions could lead to DO during urine storage and

detrusor insufficiency during urination, suggesting that the

hypothalamus plays a role in both phases. The caudate nucleus, a

component of basal ganglia (BG), was thought to has an inhibitory

effect on micturition reflex. (Seseke et al., 2008; Gao et al., 2015).

Electrical stimulation applied to the caudate nucleus can cause

inhibition of spontaneous bladder contraction in cats. (Yamamoto

et al., 2009).

Brain FC and networks related to bladder
control: An extended working model

Most previous studies focused on the activation/inactivation

of a specific brain region related to bladder control. Brain regions
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do not work independently, and the separation, integration,

communication, and cooperation between regions are

important mechanisms of brain-bladder control, which

depends on the brain FC or network. By summarizing the

brain FC network articles related to bladder control over the

past 20 years, we found five studies on HC, four on UUI, two on

OAB, three on IC/BPS or UCPPS, two on NE, and one on NDO

patients with tethered cord syndrome. These studies all explored

brain FC network changes during the urine storage phase using

fMRI and fNIRS, without observing the micturition phase.

The results of the five studies on HC showed increased

activity within certain brain networks during urine storage in

healthy patients, including the ventral AN (bilateral TPJ and

supramarginal gyrus), CEN/FPN (DLPFC and posterior parietal

cortices), SN/IN (insula and ACC), DMN (superior frontal gyrus,

PCG, precuneus, parietal lobules, temporal gyrus, and AG), SMN

(postcentral gyrus), VN (superior occipital gyrus, middle

occipital gyrus, and cuneus), BGN (caudate nucleus, striatum,

and amygdala), subcortical network (thalamus, hippocampus,

and parahippocampal gyrus), cerebellum, and brainstem.

Changes in interactions between networks and bladder

distention could cause decreases in FC between AN and

DMN and increases in FC between the DMN and the

subcortical network. Moreover, the repeated perfusion/

withdrawal task with prefilling (100 ml or strong desire to

void) can cause a decrease in FC between aDMN and AN and

an increase in FC between aDMN and BGN and between DMN

and SN, compared with the task with an empty bladder. Based on

these results, we extend the working model proposed by Griffiths

et al. (Griffiths, 2015a; de Groat et al., 2015) to include the specific

brain regions and networks involved in bladder control and the

interactions between networks (Figure 1). We performed rs-

fMRI imaging of 20 healthy subjects with empty and full bladder.

We identified seven known resting state networks using

independent component analysis method, including SN,

DMN, CEN, dAN, SMN, VN, and cerebellum network (CN),

as shown in our previous article. (Pang et al., 2021). This will help

us understand the composition of these networks.

Under normal circumstances, the physiological filling of the

bladder is a slow process from subthreshold (no sensation) to

upper threshold (e.g., first sensation of bladder filling, first desire

to void, normal desire to void, strong desire to void, urgency

desire to void, and pain). The perception of bladder filling/

distention is a type of interoception, which is defined as all

sensations produced in the body, (Craig, 2003), including

pressure, fullness, and pain of the visceral organs. (Cameron,

2001). The signal of bladder dilation is uploaded to the thalamus

via PAG and then relayed to the insula and the interoceptive

FIGURE 1
Brain FC and networks related to bladder control. An extended working mode showing the voiding reflex and the brain circuits, especially the
interaction between brain regions and networks. FC, functional connectivity; PAG, periaqueductal gray; PMC, pontine micturition center; th,
thalamus; SMA, supplementary motor area; SMN, sensorimotor network; ACC, anterior cingulate cortex; SN, salience network; IN, interoceptive
network; DLPFC, dorsolateral prefrontal cortex; PPC, posterior parietal cortices; CEN, central executive network; FPN, frontoparietal network;
MPFC =medial prefrontal cortex; PCC, posterior cingulate cortex; AG, angular gyrus; DMN, default mode network; BGN, basal ganglia network; AN,
attentional network; TPJ, temporoparietal junction. (Extended based on working model by de Groat et al., 2015).
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afferent cortex, (Blok et al., 1997; Craig, 2003), which encodes the

degree of bladder filling and forms the interoceptive awareness of

bladder sensation. (Craig, 2003; Griffiths and Tadic, 2008). The

ACC and insula are part of the SN, which has extensive

coactivation and plays a role in integrating internal and

external information. (Torta et al., 2013; Jarrahi et al., 2015b).

The SN is responsible for locating and detecting associated

stimuli. (Seeley et al., 2007). Previous studies have shown that

ACC can initiate autonomic responses and prompt goal-directed

behaviors such as withholding urine or void. (Craig, 2003). As the

bladder continues to dilate, SN becomes more aware of this

interoception, forming a gradually increased desire to void,

which may activate another network (i.e., CEN). (Jarrahi

et al., 2015a). CEN consists of the DLPFC and the lateral

posterior parietal cortex (PCC). (Chan et al., 2016).

Anticipation and attention to visceral sensation and pain

depend on DLPFC. (Aziz et al., 2000). DLPFC can maintain

attention, organize input from different sensory modes (e.g.,

bladder sensation), monitor environment and social etiquette in

workingmemory, judgewhether it is appropriate to void, and decide

on goal-directed (withholding/voiding) behavior. (Teffer and

Semendeferi, 2012; Chan et al., 2016). In other words, CEN

allows us to make behavioral choices by continually paying

attention to salient stimuli, balancing the changing environment

against the changing demands of interoception. (Seeley et al., 2007).

MPFC, as part of DMN, is usually reported to be activated

during micturition (Nour et al., 2000; Shy et al., 2014) and

deactivated during urine storage. (Blok et al., 1997; Blok et al.,

1998; Griffiths et al., 2007; Griffiths et al., 2009). In contrast, Jarrahi

et al. (Jarrahi et al., 2015a) found activation of brain regions

(i.e., MPFC, the precuneus/PCC, bilateral parietal lobules, and

the inferior temporal gyri) within the DMN. We found increased

ReHo in the brain regionwithin DMN (i.e., left temporal gyrus and

left AG) and increased FC within the DMN (i.e., superior frontal

gyrus, PCG, and AG) when the desire to void was strong,

compared with an empty bladder. These inconsistent results

may suggest that DMN activity is isolated or dynamic during

urine storage, which is worthy of further exploration. Previous

studies have shown that stimulation of PCG can interrupt

urination when a cat’s bladder is rapidly filled. (Gjone, 1966).

AG is responsible for episodic memory, which allows recall of past

experiences. (Bonnici et al., 2018). DMN has been reported to be

activated at rest (i.e., no significant external stimulus task) (Raichle,

2015) but has also been reported to be active in introverted

cognitive activities such as self-reference, self-reflection, social

functioning, and physiological processes. (Nardos et al., 2014;

Raichle, 2015). The DMN is thought to be involved in

physiological processes such as bladder control, possibly

through interoception mechanisms or self-reflection. (Nardos

et al., 2014). The DMN may be able to support internal

psychology by simulating the dynamic psychological changes of

past experiences. (Nardos et al., 2016; Bonnici et al., 2018). Animal

studies have shown that MPFC is the main source of cortical-PAG

projection and that MPFC is involved in autonomic and emotional

regulation of external stimuli through direct connection with PAG.

(Hardy and Leichnetz, 1981). The deactivation of MPFC may

reduce MPFC input to PAG, stabilizing PAG, inhibiting the

voiding reflex, and maintaining continence. In addition, mPFC

projections to other regions, particularly the hypothalamus and

extended amygdala, play an equally plausible role to bladder

control. (Pajolla et al., 2001).

Moreover, other networks are involved in bladder control

during urinary storage, including the VAN (bilateral TPJ and

supramarginal gyrus) response to unexpected events (bottom-up

attention). (Vossel et al., 2014). The VAN was reported to be

activated when the bladder was full, which is also easy to

understand because visceral changes are unexpected events,

inside-out processes that can attract bottom-up attention.

(Vossel et al., 2014; Jarrahi et al., 2015b). The subcortical

network (thalamus, hippocampi, and parahippocampal gyrus),

which overlaps with limbic correlates, has been reported to be

involved in the intersensory processing of smell, taste, and

hunger responses. (Laird et al., 2011). The thalamus is

responsible for motor/sensory relay and consciousness

regulation. (Smitha et al., 2017). The subcortical network is

also similar to neural circuit 3 proposed by Griffiths et al.

(2015a) (de Groat et al., 2015). Activation of the subcortical

network may be involved in unconscious monitoring of sensory

information in the bladder when bladder volume is small, and

there is little sensation. (Griffiths, 2015a; de Groat et al., 2015).

The BGN (caudate nucleus, striatum, and amygdala) showed

increased activity during urine storage, supporting the hypothesis

that BGN inhibits the voiding reflex (Seseke et al., 2008; Gao et al.,

2015) and that electrical stimulation of the caudate nucleus results in

inhibition of spontaneous bladder contraction in cats. (Yamamoto

et al., 2009). Previous studies have shown that the caudate nucleus is

involved inmotor processing, process learning, and control ofmotor

inhibition, while the putamen is responsible for motor regulation.

(Smitha et al., 2017). BGN is responsible for the process of motor

area control, emotion, and cognition. BGN engage in goal-directed

behavior that requires movement. (Smitha et al., 2017). VN located

in the visual cortex and is divided into dorsal VN and ventral VN.

The dorsal VN processes information about the position of objects

and adjusts visual controls for skilled movements. (Migliaccio et al.,

2016). Although significant activation of the occipital lobe (i.e., VN)

has been reported many times, (Seseke et al., 2006; Griffiths and

Tadic, 2008; Seseke et al., 2008; Ketai et al., 2016; Nardos et al., 2016;

Zuo et al., 2019a), its function remains unclear and needs to be

elucidated in further studies.

Brain FC network changes in patients with
LUTD

According to our review, 12 brain FC/network studies have

been conducted in patients with LUTD (four studies on UUI, two
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on OAB, three on IC/BPS or UCPPS, two on NE, and one on

NDO patients with tethered cord syndrome). A common feature

of these disorders is that LUTS are often present in the urinary

storage phase (e.g., urinary frequency and urgency, UUI, pain/

discomfort of bladder and pelvis).

Compared with HC, UUI patients showed abnormal

activation of brain regions within the SN, VAN, DMN, CEN,

and SMN. (Ketai et al., 2016; Nardos et al., 2016). The FC

between MCC and DAN in the UUI group was stronger than

in the HC group. (Ketai et al., 2016). Moreover, six typical FC

features could predict the severity of UUI, including the

connections between SN and DMN to SMN and between

CEN and SN and SMN. (Nardos et al., 2016). Some scholars

have explored the central mechanism of effective treatment of

UUI, finding that UUI patients who responded to PFMT had

significant differences in FC of BGN and dACC compared with

before treatment. (Clarkson et al., 2018). UUI successfully treated

with pharmacotherapy is associated with reduced activation of

VAN, while the decrease in VAN activation in the successful

treatment of UUI using hypnotherapy may be due to the

balancing effect of DAN. (Ketai et al., 2021). We found that

the central mechanism of SNM treatment for OAB may be

restoration of the activation of the left DLPFC to a near-

normal level. (Pang et al., 2022). Compared with HC patients,

OAB patients showed that the FC strength within the DMN,

ACG, and MCG was significantly decreased, while the FC

strength within the CEN was significantly increased. (Zuo

et al., 2019b). The FC within the SMN, DAN, dVN, and

LFPN was significantly decreased, as was the FC between the

SMN and the anterior DMN. (Zuo et al., 2019a).

Compared with HC, the IC/BPS patients showed significantly

decreased FC within the PFC, whether with an empty bladder or a

strong desire to void. (Pang and Liao, 2021). IC/BPS patients

showed significant changes in the frequency distribution of SN and

SMN and enhanced FC between the insula, SMA, midbrain, and

cerebellum. (Kilpatrick et al., 2014). The FC of the DMN was

significantly reduced to the PCC and left precuneus in womenwith

UCPPS. (Martucci et al., 2015). Compared withHC patients, NDO

patients with tethered cord syndrome showed deactivation in the

PFC and ACC, increased FC within the PFC, and decreased FC

between the PFC and other brain regions. (Gao and Liao, 2021).

Compared with HC patients, the NE patients showed a decreased

degree centrality of the posterior cerebellar lobe, ACC, MPFC, and

left superior temporal gyrus. (Jiang et al., 2018). NE patients

showed significant differences in ALFF or ReHo in the left

inferior frontal gyrus/LPFC and MPFC (Brodmann area,

BA10). (Lei et al., 2012). Problems with collaboration and

communication within networks, as well as functional

integration between networks, may be the central mechanism of

LUTD. Due to differences in experimental paradigms and

analytical methods, precise interpretation of these results is

difficult.

In summary, bladder control involves complex neural

networks, and neural control related to micturition control

is still an unstudied area, with many unexplored areas. For

example, there have been no studies of the: 1) Brain FC

network in healthy subjects and patients (e.g., UAB) during

micturition; 2) Dynamic changes of the DMN network during

urine storage and micturition in healthy subjects and patients

and the relationship and interaction between MPFC and

activities of other brain regions within DMN; 3) Dynamic

changes and roles of regions such as the VN, SMN,

cerebellum, subcortical networks in bladder control; 4)

Brain targeted therapy based on abnormal brain activity or

FC; and 5) Other methods that can regulate the brain network

for LUTD treatment. For instance, Ketai et al. found that the

activation of VAN in UUI was abnormally higher than that in

HC (Ketai et al., 2016) and improved LUTS in UUI through

hypnotherapy. The possible mechanism was to balance the

abnormally elevated VAN in UUI patients by upregulating

DAN and, ultimately, reduce VAN activity in UUI. (Ketai

et al., 2016).
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