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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,

Frontiers in Physiology | www.frontiersin.org 8 March 2022 | Volume 13 | Article 818993

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


fphys-13-818993 March 15, 2022 Time: 19:12 # 9

Gao and Rodríguez Chronic Stress on Voiding Function

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.

AUTHOR CONTRIBUTIONS

YG: data collection, analysis, and manuscript preparation. LR:
project design and manuscript review. Both authors contributed
to the article and approved the submitted version.

FUNDING

This study was supported by grants from the National Natural
Science Foundation of China (grant no. 81800669) and the
Natural Science Foundation of Hunan Province (grant no.
2021JJ40829) to YG.

REFERENCES
Ackerman, A. L., Jellison, F. C., Lee, U. J., Bradesi, S., and Rodriguez, L. V. (2016).

The Glt1 glutamate receptor mediates the establishment and perpetuation of
chronic visceral pain in an animal model of stress-induced bladder hyperalgesia.
Am. J. Physiol. Renal Physiol. 310, F628–F636. doi: 10.1152/ajprenal.00297.2015

Arms, L., Girard, B. M., Malley, S. E., and Vizzard, M. A. (2013). Expression and
function of CCL2/CCR2 in rat micturition reflexes and somatic sensitivity with
urinary bladder inflammation. Am. J. Physiol. Renal Physiol. 305, F111–F122.
doi: 10.1152/ajprenal.00139.2013

Bazi, T., Hajj-Hussein, I. A., Awwad, J., Shams, A., Hijaz, M., and Jurjus, A. (2013).
A modulating effect of epigallocatechin gallate (EGCG), a tea catechin, on
the bladder of rats exposed to water avoidance stress. Neurourol. Urodyn. 32,
287–292. doi: 10.1002/nau.22288

Bjorling, D. E., Wang, Z., Vezina, C. M., Ricke, W. A., Keil, K. P., Yu, W., et al.
(2015). Evaluation of voiding assays in mice: impact of genetic strains and sex.
Am. J. Physiol. Renal Physiol. 308, F1369–F1378. doi: 10.1152/ajprenal.00072.
2015

Black, L. V., Ness, T. J., and Robbins, M. T. (2009). Effects of oxytocin and prolactin
on stress-induced bladder hypersensitivity in female rats. J. Pain 10, 1065–1072.
doi: 10.1016/j.jpain.2009.04.007

Boucher, W. S., Letourneau, R., Huang, M., Kempuraj, D., Green, M., Sant, G. R.,
et al. (2002). Intravesical sodium hyaluronate inhibits the rat urinary mast
cell mediator increase triggered by acute immobilization stress. J. Urol. 167,
380–384.

Boucher, W., Kempuraj, D., Michaelian, M., and Theoharides, T. C. (2010).
Corticotropin-releasing hormone-receptor 2 is required for acute stress-
induced bladder vascular permeability and release of vascular endothelial
growth factor. BJU Int. 106, 1394–1399. doi: 10.1111/j.1464-410X.2010.09237.x

Boudes, M., Uvin, P., Kerselaers, S., Vennekens, R., Voets, T., and De Ridder, D.
(2011). Functional characterization of a chronic cyclophosphamide-induced
overactive bladder model in mice. Neurourol. Urodyn. 30, 1659–1665. doi:
10.1002/nau.21180

Bradesi, S., Schwetz, I., Ennes, H. S., Lamy, C. M., Ohning, G., Fanselow, M., et al.
(2005). Repeated exposure to water avoidance stress in rats: a new model for
sustained visceral hyperalgesia. Am. J. Physiol. Gastrointest. Liver Physiol. 289,
G42–G53. doi: 10.1152/ajpgi.00500.2004

Bradley, C. S., Nygaard, I. E., Hillis, S. L., Torner, J. C., and Sadler, A. G. (2017).
Longitudinal associations between mental health conditions and overactive
bladder in women veterans. Am. J. Obstet. Gynecol. 217:430.e1–e8. doi: 10.1016/
j.ajog.2017.06.016

Bradley, C. S., Nygaard, I. E., Torner, J. C., Hillis, S. L., Johnson, S., and Sadler,
A. G. (2014). Overactive bladder and mental health symptoms in recently
deployed female veterans. J. Urol. 191, 1327–1332. doi: 10.1016/j.juro.2013.
11.100

Breyer, B. N., Cohen, B. E., Bertenthal, D., Rosen, R. C., Neylan, T. C., and Seal,
K. H. (2014). Lower urinary tract dysfunction in male Iraq and Afghanistan war
veterans: association with mental health disorders: a population-based cohort
study. Urology 83, 312–319. doi: 10.1016/j.urology.2013.08.047

Butler, S., Luz, S., McFadden, K., Fesi, J., Long, C., Spruce, L., et al. (2018). Murine
social stress results in long lasting voiding dysfunction. Physiol. Behav. 183,
10–17. doi: 10.1016/j.physbeh.2017.09.020

Castroman, P., and Ness, T. J. (2001). Vigor of visceromotor responses to urinary
bladder distension in rats increases with repeated trials and stimulus intensity.
Neurosci. Lett. 306, 97–100.

Cetinel, S., Ercan, F., Cikler, E., Contuk, G., and Sener, G. (2005). Protective effect
of melatonin on water avoidance stress induced degeneration of the bladder.
J. Urol. 173, 267–270. doi: 10.1097/01.ju.0000145891.35810.56

Frontiers in Physiology | www.frontiersin.org 11 March 2022 | Volume 13 | Article 818993

https://doi.org/10.1152/ajprenal.00297.2015
https://doi.org/10.1152/ajprenal.00139.2013
https://doi.org/10.1002/nau.22288
https://doi.org/10.1152/ajprenal.00072.2015
https://doi.org/10.1152/ajprenal.00072.2015
https://doi.org/10.1016/j.jpain.2009.04.007
https://doi.org/10.1111/j.1464-410X.2010.09237.x
https://doi.org/10.1002/nau.21180
https://doi.org/10.1002/nau.21180
https://doi.org/10.1152/ajpgi.00500.2004
https://doi.org/10.1016/j.ajog.2017.06.016
https://doi.org/10.1016/j.ajog.2017.06.016
https://doi.org/10.1016/j.juro.2013.11.100
https://doi.org/10.1016/j.juro.2013.11.100
https://doi.org/10.1016/j.urology.2013.08.047
https://doi.org/10.1016/j.physbeh.2017.09.020
https://doi.org/10.1097/01.ju.0000145891.35810.56
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-13-818993 March 15, 2022 Time: 19:12 # 12

Gao and Rodríguez Chronic Stress on Voiding Function

Chaloner, A., and Greenwood-Van Meerveld, B. (2013). Sexually dimorphic effects
of unpredictable early life adversity on visceral pain behavior in a rodent model.
J. Pain 14, 270–280. doi: 10.1016/j.jpain.2012.11.008

Chang, A., Butler, S., Sliwoski, J., Valentino, R., Canning, D., and Zderic, S. (2009).
Social stress in mice induces voiding dysfunction and bladder wall remodeling.
Am. J. Physiol. Renal Physiol. 297, F1101–F1108. doi: 10.1152/ajprenal.90749.
2008

Charrua, A., Pinto, R., Birder, L. A., and Cruz, F. (2015). Sympathetic nervous
system and chronic bladder pain: a new tune for an old song. Transl. Androl.
Urol. 4, 534–542. doi: 10.3978/j.issn.2223-4683.2015.09.06

Chen, Z., Du, S., Kong, C., Zhang, Z., and Mokhtar, A. D. (2016). Intrathecal
administration of TRPA1 antagonists attenuate cyclophosphamide-induced
cystitis in rats with hyper-reflexia micturition. BMC Urol. 16:33. doi: 10.1186/
s12894-016-0150-x

Chess-Williams, R., McDermott, C., Sellers, D. J., West, E. G., and Mills, K. A.
(2021). Chronic psychological stress and lower urinary tract symptoms. Low.
Urin. Tract. Symptoms 13, 414–424. doi: 10.1111/luts.12395

Chrousos, G. P. (2009). Stress and disorders of the stress system. Nat. Rev.
Endocrinol. 5, 374–381.

Coyne, K. S., Kaplan, S. A., Chapple, C. R., Sexton, C. C., Kopp, Z. S., Bush,
E. N., et al. (2009). Risk factors and comorbid conditions associated with lower
urinary tract symptoms: EpiLUTS. BJU Int. 103(Suppl. 3), 24–32. doi: 10.1111/
j.1464-410X.2009.08438.x

DeBerry, J. J., Robbins, M. T., and Ness, T. J. (2015). The amygdala central nucleus
is required for acute stress-induced bladder hyperalgesia in a rat visceral pain
model. Brain Res. 1606, 77–85. doi: 10.1016/j.brainres.2015.01.008

Dias, B., Serrão, P., Cruz, F., and Charrua, A. (2019). Effect of water avoidance
stress on serum and urinary NGF levels in rats: diagnostic and therapeutic
implications for BPS/IC patients. Sci. Rep. 9:14113. doi: 10.1038/s41598-019-
50576-4

Elman, I., and Borsook, D. (2016). Common brain mechanisms of chronic pain and
addiction. Neuron 89, 11–36. doi: 10.1016/j.neuron.2015.11.027

Fan, Y. H., Lin, A. T., Wu, H. M., Hong, C. J., and Chen, K. K. (2008). Psychological
profile of Taiwanese interstitial cystitis patients. Int. J. Urol. 15, 416–418. doi:
10.1111/j.1442-2042.2008.02020.x

Fuentes, I. M., and Christianson, J. A. (2018). The influence of early life experience
on visceral pain. Front. Syst. Neurosci. 12:2. doi: 10.3389/fnsys.2018.00002

Fuentes, I. M., Jones, B. M., Brake, A. D., Pierce, A. N., Eller, O. C., Supple, R. M.,
et al. (2021). Voluntary wheel running improves outcomes in an early life stress-
induced model of urologic chronic pelvic pain syndrome in male mice. Pain
162, 1681–1691. doi: 10.1097/j.pain.0000000000002178

Fuentes, I. M., Pierce, A. N., Di Silvestro, E. R., Maloney, M. O., and Christianson,
J. A. (2017). Differential influence of early life and adult stress on urogenital
sensitivity and function in male mice. Front. Syst. Neurosci. 11:97. doi: 10.3389/
fnsys.2017.00097

Gao, Y., Zhang, R., Chang, H. H., and Rodriguez, L. V. (2017). The role of C-fibers
in the development of chronic psychological stress induced enhanced bladder
sensations and nociceptive responses: a multidisciplinary approach to the study
of urologic chronic pelvic pain syndrome (MAPP) research network study.
Neurourol. Urodyn. 37, 673–680. doi: 10.1002/nau.23374

Girard, B. M., Campbell, S. E., Beca, K. I., Perkins, M., Hsiang, H., May, V., et al.
(2020). Intrabladder PAC1 receptor antagonist, PACAP(6-38), reduces urinary
bladder frequency and pelvic sensitivity in mice exposed to repeated variate
stress (RVS). J. Mol. Neurosci. 71, 1575–1588. doi: 10.1007/s12031-020-01649-x

Girard, B. M., Malley, S., May, V., and Vizzard, M. A. (2016). Effects of CYP-
Induced Cystitis on Growth Factors and Associated Receptor Expression
in Micturition Pathways in Mice with Chronic Overexpression of NGF in
Urothelium. Journal of Molecular Neuroscience 59, 531–543. doi: 10.1007/
s12031-016-0774-z

Girard, B. M., Tooke, K., and Vizzard, M. A. (2017). PACAP/Receptor system
in urinary bladder dysfunction and pelvic pain following urinary bladder
inflammation or stress. Front. Syst. Neurosci. 11:90. doi: 10.3389/fnsys.2017.
00090

Gomita, Y., Yamori, M., Furuno, K., and Araki, Y. (1989). Influences of
psychological stress produced by intraspecies emotional communication on
nicorandil plasma levels in rats. Pharmacology 38, 388–396. doi: 10.1159/
000138562

Habib, K. E., Gold, P. W., and Chrousos, G. P. (2001). Neuroendocrinology of
stress. Endocrinol. Metab. Clin. North Am. 30, 695–728; vii–viii. doi: 10.1016/
s0889-8529(05)70208-5

Hammack, S. E., Cheung, J., Rhodes, K. M., Schutz, K. C., Falls, W. A., Braas,
K. M., et al. (2009). Chronic stress increases pituitary adenylate cyclase-
activating peptide (PACAP) and brain-derived neurotrophic factor (BDNF)
mRNA expression in the bed nucleus of the stria terminalis (BNST): roles
for PACAP in anxiety-like behavior. Psychoneuroendocrinology 34, 833–843.
doi: 10.1016/j.psyneuen.2008.12.013

Han, D. Y., Jeong, H. J., and Lee, M. Y. (2015). Bladder hyperactivity induced
by chronic variable stress in rats. Low. Urin. Tract. Symptoms 7, 56–61. doi:
10.1111/luts.12048

Hanna-Mitchell, A. T., Robinson, D., Cardozo, L., Everaert, K., and Petkov, G. V.
(2016). Do we need to know more about the effects of hormones on lower
urinary tract dysfunction? ICI-RS 2014. Neurourol. Urodyn. 35, 299–303. doi:
10.1002/nau.22809

Harris, R. B. (2015). Chronic and acute effects of stress on energy balance: are there
appropriate animal models? Am. J. Physiol. Regul. Integr. Comp. Physiol. 308,
R250–R265. doi: 10.1152/ajpregu.00361.2014

Hattori, T., Sugaya, K., Nishijima, S., Kadekawa, K., Ueda, T., and Yamamoto,
H. (2019). Emotional stress facilitates micturition reflex: possible inhibition
by an α1-adrenoceptor blocker in the conscious and anesthetized state. Int.
Neurourol. J. 23, 100–108. doi: 10.5213/inj.1836284.142

Henry, B., Vale, W., and Markou, A. (2006). The effect of lateral septum
corticotropin-releasing factor receptor 2 activation on anxiety is modulated by
stress. J. Neurosci. 26, 9142–9152. doi: 10.1523/jneurosci.1494-06.2006

Herman, J. P., Flak, J., and Jankord, R. (2008). Chronic stress plasticity in the
hypothalamic paraventricular nucleus. Prog. Brain Res. 170, 353–364. doi: 10.
1016/s0079-6123(08)00429-9

Holschneider, D. P., Wang, Z., Chang, H., Zhang, R., Gao, Y., Guo, Y., et al. (2020a).
Ceftriaxone inhibits stress-induced bladder hyperalgesia and alters cerebral
micturition and nociceptive circuits in the rat: a multidisciplinary approach
to the study of urologic chronic pelvic pain syndrome research network study.
Neurourol. Urodyn. 39, 1628–1643. doi: 10.1002/nau.24424

Holschneider, D. P., Wang, Z., Guo, Y., Sanford, M. T., Yeh, J., Mao, J. J., et al.
(2020b). Exercise modulates neuronal activation in the micturition circuit of
chronically stressed rats: a multidisciplinary approach to the study of urologic
chronic pelvic pain syndrome (MAPP) research network study. Physiol. Behav.
215, 112796. doi: 10.1016/j.physbeh.2019.112796

Huang, S. T., Song, Z. J., Liu, Y., Luo, W. C., Yin, Q., and Zhang, Y. M. (2021).
BNST AV

GABA-PVN CRF circuit regulates visceral hypersensitivity induced
by maternal separation in Vgat-Cre mice. Front. Pharmacol. 12:615202. doi:
10.3389/fphar.2021.615202

Ihara, T., Nakamura, Y., Mitsui, T., Tsuchiya, S., Kanda, M., Kira, S., et al. (2019).
Intermittent restraint stress induces circadian misalignment in the mouse
bladder, leading to nocturia. Sci. Rep. 9:10069. doi: 10.1038/s41598-019-46
517-w

Kalantaridou, S. N., Zoumakis, E., Makrigiannakis, A., Lavasidis, L. G., Vrekoussis,
T., and Chrousos, G. P. (2010). Corticotropin-releasing hormone, stress and
human reproduction: an update. J. Reprod. Immunol. 85, 33–39. doi: 10.1016/j.
jri.2010.02.005

Kant, G. J., Mougey, E. H., Pennington, L. L., and Meyerhoff, J. L. (1983). Graded
footshock stress elevates pituitary cyclic AMP and plasma beta-endorphin, beta-
LPH corticosterone and prolactin. Life Sci. 33, 2657–2663. doi: 10.1016/0024-
3205(83)90350-8

Klausner, A. P., Ibanez, D., King, A. B., Willis, D., Herrick, B., Wolfe, L., et al.
(2009). The influence of psychiatric comorbidities and sexual trauma on lower
urinary tract symptoms in female veterans. J. Urol. 182, 2785–2790. doi: 10.
1016/j.juro.2009.08.035

Kleinhans, N. M., Yang, C. C., Strachan, E. D., Buchwald, D. S., and Maravilla,
K. R. (2016). Alterations in connectivity on functional magnetic resonance
imaging with provocation of lower urinary tract symptoms: a MAPP research
network feasibility study of urological chronic pelvic pain syndromes. J. Urol.
195, 639–645. doi: 10.1016/j.juro.2015.09.092

Koolhaas, J. M., de Boer, S. F., and Buwalda, B. (2006). Stress and adaptation:
toward ecologically relevant animal models. Curr. Direct. Psychol. Sci. 15,
109–112.

Frontiers in Physiology | www.frontiersin.org 12 March 2022 | Volume 13 | Article 818993

https://doi.org/10.1016/j.jpain.2012.11.008
https://doi.org/10.1152/ajprenal.90749.2008
https://doi.org/10.1152/ajprenal.90749.2008
https://doi.org/10.3978/j.issn.2223-4683.2015.09.06
https://doi.org/10.1186/s12894-016-0150-x
https://doi.org/10.1186/s12894-016-0150-x
https://doi.org/10.1111/luts.12395
https://doi.org/10.1111/j.1464-410X.2009.08438.x
https://doi.org/10.1111/j.1464-410X.2009.08438.x
https://doi.org/10.1016/j.brainres.2015.01.008
https://doi.org/10.1038/s41598-019-50576-4
https://doi.org/10.1038/s41598-019-50576-4
https://doi.org/10.1016/j.neuron.2015.11.027
https://doi.org/10.1111/j.1442-2042.2008.02020.x
https://doi.org/10.1111/j.1442-2042.2008.02020.x
https://doi.org/10.3389/fnsys.2018.00002
https://doi.org/10.1097/j.pain.0000000000002178
https://doi.org/10.3389/fnsys.2017.00097
https://doi.org/10.3389/fnsys.2017.00097
https://doi.org/10.1002/nau.23374
https://doi.org/10.1007/s12031-020-01649-x
https://doi.org/10.1007/s12031-016-0774-z
https://doi.org/10.1007/s12031-016-0774-z
https://doi.org/10.3389/fnsys.2017.00090
https://doi.org/10.3389/fnsys.2017.00090
https://doi.org/10.1159/000138562
https://doi.org/10.1159/000138562
https://doi.org/10.1016/s0889-8529(05)70208-5
https://doi.org/10.1016/s0889-8529(05)70208-5
https://doi.org/10.1016/j.psyneuen.2008.12.013
https://doi.org/10.1111/luts.12048
https://doi.org/10.1111/luts.12048
https://doi.org/10.1002/nau.22809
https://doi.org/10.1002/nau.22809
https://doi.org/10.1152/ajpregu.00361.2014
https://doi.org/10.5213/inj.1836284.142
https://doi.org/10.1523/jneurosci.1494-06.2006
https://doi.org/10.1016/s0079-6123(08)00429-9
https://doi.org/10.1016/s0079-6123(08)00429-9
https://doi.org/10.1002/nau.24424
https://doi.org/10.1016/j.physbeh.2019.112796
https://doi.org/10.3389/fphar.2021.615202
https://doi.org/10.3389/fphar.2021.615202
https://doi.org/10.1038/s41598-019-46517-w
https://doi.org/10.1038/s41598-019-46517-w
https://doi.org/10.1016/j.jri.2010.02.005
https://doi.org/10.1016/j.jri.2010.02.005
https://doi.org/10.1016/0024-3205(83)90350-8
https://doi.org/10.1016/0024-3205(83)90350-8
https://doi.org/10.1016/j.juro.2009.08.035
https://doi.org/10.1016/j.juro.2009.08.035
https://doi.org/10.1016/j.juro.2015.09.092
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-13-818993 March 15, 2022 Time: 19:12 # 13

Gao and Rodríguez Chronic Stress on Voiding Function

Kullmann, F. A., McDonnell, B. M., Wolf-Johnston, A. S., Kanai, A. J., Shiva,
S., Chelimsky, T., et al. (2019). Stress-induced autonomic dysregulation of
mitochondrial function in the rat urothelium. Neurourol. Urodyn. 38, 572–581.
doi: 10.1002/nau.23876

Lai, H. H., Rawal, A., Shen, B., and Vetter, J. (2016). The relationship between
anxiety and overactive bladder or urinary incontinence symptoms in the clinical
population. Urology 98, 50–57. doi: 10.1016/j.urology.2016.07.013

Lai, H., Gardner, V., Vetter, J., and Andriole, G. L. (2015a). Correlation between
psychological stress levels and the severity of overactive bladder symptoms.
BMC Urol. 15:14. doi: 10.1186/s12894-015-0009-6

Lai, H., Gereau, R. W. IV, Luo, Y., O’Donnell, M., Rudick, C. N., Pontari, M., et al.
(2015b). Animal models of urologic chronic pelvic pain syndromes: findings
from the multidisciplinary approach to the study of chronic pelvic pain research
network. Urology 85, 1454–1465. doi: 10.1016/j.urology.2015.03.007

Lee, U. J., Ackerman, A. L., Wu, A., Zhang, R., Leung, J., Bradesi, S., et al. (2015).
Chronic psychological stress in high-anxiety rats induces sustained bladder
hyperalgesia. Physiol. Behav. 139, 541–548. doi: 10.1016/j.physbeh.2014.11.045

Lifford, K. L., and Curhan, G. C. (2009). Prevalence of painful bladder syndrome in
older women. Urology 73, 494–498. doi: 10.1016/j.urology.2008.01.053

Ligon, C., Mohammadi, E., Ge, P., Hannig, G., Higgins, C., and Greenwood-
Van Meerveld, B. (2018). Linaclotide inhibits colonic and urinary bladder
hypersensitivity in adult female rats following unpredictable neonatal stress.
Neurogastroenterol. Motil. 30:e13375. doi: 10.1111/nmo.13375

Long, C. J., Butler, S., Fesi, J., Frank, C., Canning, D. A., and Zderic, S. A.
(2014). Genetic or pharmacologic disruption of the calcineurin-nuclear factor
of activated T-cells axis prevents social stress-induced voiding dysfunction in a
murine model. J. Pediatr. Urol. 10, 598–604. doi: 10.1016/j.jpurol.2014.04.002

Lutgendorf, S. K., Kreder, K. J., Rothrock, N. E., Ratliff, T. L., and Zimmerman,
B. (2001). A laboratory stress model for examining stress and symptomatology
in interstitial cystitis patients. Urology 57(6 Suppl. 1):122. doi: 10.1016/s0090-
4295(01)01076-7

Macaulay, A. J., Stern, R. S., Holmes, D. M., and Stanton, S. L. (1987). Micturition
and the mind: psychological factors in the aetiology and treatment of urinary
symptoms in women. Br. Med. J. (Clin. Res. Ed.) 294, 540–543.

Mann, E. A., Alam, Z., Hufgard, J. R., Mogle, M., Williams, M. T., Vorhees,
C. V., et al. (2015). Chronic social defeat, but not restraint stress, alters bladder
function in mice. Physiol. Behav. 150, 83–92. doi: 10.1016/j.physbeh.2015.02.
021

Matos, R., Serrao, P., Rodriguez, L., Birder, L. A., Cruz, F., and Charrua, A.
(2017). The water avoidance stress induces bladder pain due to a prolonged
alpha1A adrenoceptor stimulation. Naunyn Schmiedebergs Arch. Pharmacol.
390, 839–844. doi: 10.1007/s00210-017-1384-1

McGonagle, E., Smith, A., Butler, S., Sliwoski, J., Valentino, R., Canning, D., et al.
(2012). Water avoidance stress results in an altered voiding phenotype in male
mice. Neurourol. Urodyn. 31, 1185–1189. doi: 10.1002/nau.22207

McVary, K. T., Rademaker, A., Lloyd, G. L., and Gann, P. (2005). Autonomic
nervous system overactivity in men with lower urinary tract symptoms
secondary to benign prostatic hyperplasia. J. Urol. 174(4 Pt 1), 1327–1433.

Merrill, L., and Vizzard, M. A. (2014). Intravesical TRPV4 blockade reduces
repeated variate stress-induced bladder dysfunction by increasing bladder
capacity and decreasing voiding frequency in male rats. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 307, R471–R480. doi: 10.1152/ajpregu.00008.2014

Merrill, L., Malley, S., and Vizzard, M. A. (2013). Repeated variate stress in male rats
induces increased voiding frequency, somatic sensitivity, and urinary bladder
nerve growth factor expression. Am. J. Physiol. Regul. Integr. Comp. Physiol. 305,
R147–R156. doi: 10.1152/ajpregu.00089.2013

Mingin, G. C., Heppner, T. J., Tykocki, N. R., Erickson, C. S., Vizzard, M. A., and
Nelson, M. T. (2015). Social stress in mice induces urinary bladder overactivity
and increases TRPV1 channel-dependent afferent nerve activity. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 309, R629–R638. doi: 10.1152/ajpregu.00013.2015

Mingin, G. C., Peterson, A., Erickson, C. S., Nelson, M. T., and Vizzard, M. A.
(2014). Social stress induces changes in urinary bladder function, bladder NGF
content, and generalized bladder inflammation in mice. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 307, R893–R900. doi: 10.1152/ajpregu.00500.2013

Mohammadi, E., Prusator, D. K., Healing, E., Hurst, R., Towner, R. A., Wisniewski,
A. B., et al. (2016). Sexually dimorphic effects of early life stress in rat pups on
urinary bladder detrusor muscle contractility in adulthood. Biol. Sex Differ. 7:8.
doi: 10.1186/s13293-016-0062-1

Nargund, V. H. (2015). Effects of psychological stress on male fertility. Nat. Rev.
Urol. 12, 373–382. doi: 10.1038/nrurol.2015.112

Ness, T. J., and Elhefni, H. (2004). Reliable visceromotor responses are evoked by
noxious bladder distention in mice. J. Urol. 171, 1704–1708. doi: 10.1097/01.ju.
0000116430.67100.8f

Ness, T. J., DeWitte, C., DeBerry, J. J., and Randich, A. (2018). Neonatal
bladder inflammation alters the role of the central amygdala in hypersensitivity
produced by Acute Footshock stress in adult female rats. Brain Res. 1698,
99–105. doi: 10.1016/j.brainres.2018.06.030

Ness, T. J., Lewis-Sides, A., and Castroman, P. (2001). Characterization of pressor
and visceromotor reflex responses to bladder distention in rats: sources of
variability and effect of analgesics. J. Urol. 165, 968–974.

Okasha, E. F., and Bayomy, N. A. (2010). Protective role of quercetin
(Phytochemical) against water avoidance stress induced interstitial cystitis of
adult female albino rats light and electron microscopic study. Egypt. J. Histol.
33, 649–658.

Oliver, J. L., Campigotto, M. J., Coplen, D. E., Traxel, E. J., and Austin, P. F. (2013).
Psychosocial comorbidities and obesity are associated with lower urinary tract
symptoms in children with voiding dysfunction. J. Urol. 190(Suppl. 4), 1511–
1515. doi: 10.1016/j.juro.2013.02.025

Ozaki, T., Matsuoka, J., Tsubota, M., Tomita, S., Sekiguchi, F., Minami, T., et al.
(2018). Zinc deficiency promotes cystitis-related bladder pain by enhancing
function and expression of Cav3.2 in mice. Toxicology 393, 102–112. doi: 10.
1016/j.tox.2017.11.012

Pacák, K. (2000). Stressor-specific activation of the hypothalamic-pituitary-
adrenocortical axis. Physiol. Res. 49(Suppl. 1), S11–S17.

Pare, W. P. (1992). Learning behavior, escape behavior, and depression in an ulcer
susceptible rat strain. Integr. Physiol. Behav. Sci. 27, 130–141.

Pierce, A. N., Di Silvestro, E. R., Eller, O. C., Wang, R., Ryals, J. M., and
Christianson, J. A. (2016). Urinary bladder hypersensitivity and dysfunction
in female mice following early life and adult stress. Brain Res. 1639, 58–73.
doi: 10.1016/j.brainres.2016.02.039

Pierce, A. N., Eller-Smith, O. C., and Christianson, J. A. (2018). Voluntary wheel
running attenuates urinary bladder hypersensitivity and dysfunction following
neonatal maternal separation in female mice. Neurourol. Urodyn. 37, 1623–
1632. doi: 10.1002/nau.23530

Rivier, C., and Vale, W. (1987). Diminished responsiveness of the hypothalamic-
pituitary-adrenal axis of the rat during exposure to prolonged stress: a pituitary-
mediated mechanism. Endocrinology 121, 1320–1328. doi: 10.1210/endo-121-
4-1320

Robbins, M. T., and Ness, T. J. (2008). Footshock-induced urinary bladder
hypersensitivity: role of spinal corticotropin-releasing factor receptors. J. Pain
9, 991–998. doi: 10.1016/j.jpain.2008.05.006

Robbins, M. T., Deberry, J., Randich, A., and Ness, T. J. (2011). Footshock stress
differentially affects responses of two subpopulations of spinal dorsal horn
neurons to urinary bladder distension in rats. Brain Res. 1386, 118–126. doi:
10.1016/j.brainres.2011.02.081

Robbins, M., DeBerry, J., and Ness, T. (2007). Chronic psychological stress
enhances nociceptive processing in the urinary bladder in high-anxiety rats.
Physiol. Behav. 91, 544–550. doi: 10.1016/j.physbeh.2007.04.009

Rothrock, N. E., Lutgendorf, S. K., Kreder, K. J., Ratliff, T., and Zimmerman, B.
(2001). Stress and symptoms in patients with interstitial cystitis: a life stress
model. Urology 57, 422–427.

Rudick, C. N., Chen, M. C., Mongiu, A. K., and Klumpp, D. J. (2007). Organ cross
talk modulates pelvic pain. Am. J. Physiol. Regul. Integr. Comp. Physiol. 293,
R1191–R1198. doi: 10.1152/ajpregu.00411.2007

Saglam, B., Cikler, E., Zeybek, A., Cetinel, S., Sener, G., and Ercan, F. (2006). An
aqueous garlic extract alleviates water avoidance stress-induced degeneration
of the urinary bladder. BJU Int. 98, 1250–1254. doi: 10.1111/j.1464-410X.2006.
06511.x

Sanford, M. T., Yeh, J. C., Mao, J. J., Guo, Y., Wang, Z., Zhang, R., et al. (2020).
Voluntary exercise improves voiding function and bladder hyperalgesia in an
animal model of stress-induced visceral hypersensitivity: a multidisciplinary
approach to the study of urologic chronic pelvic pain syndrome research
network study. Neurourol. Urodyn. 39, 603–612. doi: 10.1002/nau.24270

Scharf, S. H., and Schmidt, M. V. (2012). Animal models of stress vulnerability
and resilience in translational research. Curr. Psychiatry Rep. 14, 159–165. doi:
10.1007/s11920-012-0256-0

Frontiers in Physiology | www.frontiersin.org 13 March 2022 | Volume 13 | Article 818993

https://doi.org/10.1002/nau.23876
https://doi.org/10.1016/j.urology.2016.07.013
https://doi.org/10.1186/s12894-015-0009-6
https://doi.org/10.1016/j.urology.2015.03.007
https://doi.org/10.1016/j.physbeh.2014.11.045
https://doi.org/10.1016/j.urology.2008.01.053
https://doi.org/10.1111/nmo.13375
https://doi.org/10.1016/j.jpurol.2014.04.002
https://doi.org/10.1016/s0090-4295(01)01076-7
https://doi.org/10.1016/s0090-4295(01)01076-7
https://doi.org/10.1016/j.physbeh.2015.02.021
https://doi.org/10.1016/j.physbeh.2015.02.021
https://doi.org/10.1007/s00210-017-1384-1
https://doi.org/10.1002/nau.22207
https://doi.org/10.1152/ajpregu.00008.2014
https://doi.org/10.1152/ajpregu.00089.2013
https://doi.org/10.1152/ajpregu.00013.2015
https://doi.org/10.1152/ajpregu.00500.2013
https://doi.org/10.1186/s13293-016-0062-1
https://doi.org/10.1038/nrurol.2015.112
https://doi.org/10.1097/01.ju.0000116430.67100.8f
https://doi.org/10.1097/01.ju.0000116430.67100.8f
https://doi.org/10.1016/j.brainres.2018.06.030
https://doi.org/10.1016/j.juro.2013.02.025
https://doi.org/10.1016/j.tox.2017.11.012
https://doi.org/10.1016/j.tox.2017.11.012
https://doi.org/10.1016/j.brainres.2016.02.039
https://doi.org/10.1002/nau.23530
https://doi.org/10.1210/endo-121-4-1320
https://doi.org/10.1210/endo-121-4-1320
https://doi.org/10.1016/j.jpain.2008.05.006
https://doi.org/10.1016/j.brainres.2011.02.081
https://doi.org/10.1016/j.brainres.2011.02.081
https://doi.org/10.1016/j.physbeh.2007.04.009
https://doi.org/10.1152/ajpregu.00411.2007
https://doi.org/10.1111/j.1464-410X.2006.06511.x
https://doi.org/10.1111/j.1464-410X.2006.06511.x
https://doi.org/10.1002/nau.24270
https://doi.org/10.1007/s11920-012-0256-0
https://doi.org/10.1007/s11920-012-0256-0
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-13-818993 March 15, 2022 Time: 19:12 # 14

Gao and Rodríguez Chronic Stress on Voiding Function

Schneiderman, N., Ironson, G., and Siegel, S. (2005). Stress and health:
psychological, behavioral, and biological determinants. Annu. Rev. Clin.
Psychol. 1, 607–628. doi: 10.1146/annurev.clinpsy.1.102803.144141

Seki, M., Zha, X. M., Inamura, S., Taga, M., Matsuta, Y., Aoki, Y., et al. (2019). Role
of corticotropin-releasing factor on bladder function in rats with psychological
stress. Sci. Rep. 9:9828. doi: 10.1038/s41598-019-46267-9

Shimizu, T., Shimizu, S., Higashi, Y., and Saito, M. (2021). Psychological/mental
stress-induced effects on urinary function: possible brain molecules related to
psychological/mental stress-induced effects on urinary function. Int. J. Urol. 28,
1093–1104. doi: 10.1111/iju.14663

Smith, A. L., Leung, J., Kun, S., Zhang, R., Karagiannides, I., Raz, S., et al.
(2011). The effects of acute and chronic psychological stress on bladder
function in a rodent model. Urology 78:967.e1–e7. doi: 10.1016/j.urology.2011.
06.041

Sterrenburg, L., Gaszner, B., Boerrigter, J., Santbergen, L., Bramini, M., Elliott, E.,
et al. (2011). Chronic stress induces sex-specific alterations in methylation and
expression of corticotropin-releasing factor gene in the rat. PLoS One 6:e28128.
doi: 10.1371/journal.pone.0028128

Stewart, W. F., Van Rooyen, J. B., Cundiff, G. W., Abrams, P., Herzog, A. R.,
Corey, R., et al. (2003). Prevalence and burden of overactive bladder in the
United States. World J. Urol. 20, 327–336. doi: 10.1007/s00345-002-0301-4

Tache, Y., Larauche, M., Yuan, P. Q., and Million, M. (2018). Brain and Gut CRF
signaling: biological actions and role in the gastrointestinal tract. Curr. Mol.
Pharmacol. 11, 51–71. doi: 10.2174/1874467210666170224095741

Tykocki, N. R., Heppner, T. J., Erickson, C. S., van Batavia, J., Vizzard,
M. A., Nelson, M. T., et al. (2018). Development of stress-induced bladder
insufficiency requires functional TRPV1 channels. Am. J. Physiol. Renal Physiol.
315, F1583–F1591. doi: 10.1152/ajprenal.00231.2018

Ullmann, E., Chrousos, G., Perry, S. W., Wong, M.-L., Licinio, J., Bornstein, S. R.,
et al. (2020). Offensive behavior, striatal glutamate metabolites, and limbic–
hypothalamic–pituitary–adrenal responses to stress in chronic anxiety. Int. J.
Mol. Sci. 21:7440. doi: 10.3390/ijms21207440

Ulrich-Lai, Y. M., and Herman, J. P. (2009). Neural regulation of endocrine and
autonomic stress responses. Nat. Rev. Neurosci. 10, 397–409. doi: 10.1038/
nrn2647

Vanneste, M., Segal, A., Voets, T., and Everaerts, W. (2021). Transient receptor
potential channels in sensory mechanisms of the lower urinary tract. Nat. Rev.
Urol. 18, 139–159. doi: 10.1038/s41585-021-00428-6

Wang, Z., Chang, H. H., Gao, Y., Zhang, R., Guo, Y., Holschneider, D. P., et al.
(2017). Effects of water avoidance stress on peripheral and central responses
during bladder filling in the rat: a multidisciplinary approach to the study of
urologic chronic pelvic pain syndrome (MAPP) research network study. PLoS
One 12:e0182976. doi: 10.1371/journal.pone.0182976

Weiss, D. A., Butler, S. J., Fesi, J., Long, C. J., Valentino, R. J., Canning, D. A., et al.
(2015). Putting the past behind us: social stress-induced urinary retention can
be overcome. J. Pediatr. Urol. 11, 188–194. doi: 10.1016/j.jpurol.2015.04.018

West, E. G., Sellers, D. J., Chess-Williams, R., and McDermott, C. (2021). Bladder
overactivity induced by psychological stress in female mice is associated with
enhanced bladder contractility. Life Sci. 265, 118735. doi: 10.1016/j.lfs.2020.
118735

West, E. G., Sellers, D. J., Chess-Williams, R., and McDermott, C. (2020). Voiding
behavior and efferent bladder function altered in mice following social defeat
but not witness trauma. Front. Physiol. 11:247. doi: 10.3389/fphys.2020.00247

Wingfield, J. C., and Sapolsky, R. M. (2003). Reproduction and resistance to stress:
when and how. J. Neuroendocrinol. 15, 711–724. doi: 10.1046/j.1365-2826.2003.
01033.x

Wood, R., Eichel, L., Messing, E. M., and Schwarz, E. (2001). Automated
noninvasive measurement of cyclophosphamide-induced changes in murine
micturition frequency and volume and demonstration of pharmacologic
sensitivity. Urology 57(6 Suppl. 1), 115–116. doi: 10.1016/s0090-4295(01)
01059-7

Wood, S. K., Baez, M. A., Bhatnagar, S., and Valentino, R. J. (2009). Social stress-
induced bladder dysfunction: potential role of corticotropin-releasing factor.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 296, R1671–R1678. doi: 10.1152/
ajpregu.91013.2008

Wood, S. K., McFadden, K. V., Grigoriadis, D., Bhatnagar, S., and Valentino,
R. J. (2012). Depressive and cardiovascular disease comorbidity in a rat
model of social stress: a putative role for corticotropin-releasing factor.
Psychopharmacology (Berl.) 222, 325–336. doi: 10.1007/s00213-012-2648-6

Wood, S. K., McFadden, K., Griffin, T., Wolfe, J. H., Zderic, S., and Valentino,
R. J. (2013). A corticotropin-releasing factor receptor antagonist improves
urodynamic dysfunction produced by social stress or partial bladder outlet
obstruction in male rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 304,
R940–R950. doi: 10.1152/ajpregu.00257.2012

Wu, H.-Y., and de Groat, W. C. (2006). Maternal separation uncouples reflex from
spontaneous voiding in rat pups. J. Urol. 175, 1148–1151. doi: 10.1016/s0022-
5347(05)00321-6

Yamamoto, K., Takao, T., Nakayama, J., Kiuchi, H., Okuda, H., Fukuhara, S., et al.
(2012). Water avoidance stress induces frequency through cyclooxygenase-2
expression: a bladder rat model. Int. J. Urol. 19, 155–162. doi: 10.1111/j.1442-
2042.2011.02905.x

Yang, S. S., Chang, H. H., and Chang, S. J. (2020). Does ketamine ameliorate
the social stress-related bladder dysfunction in mice? Neurourol. Urodyn. 39,
935–944. doi: 10.1002/nau.24324

Yoon, H., Lee, D., Chun, K., Yoon, H., and Yoo, J. (2010). Effect of stress on the
expression of rho-kinase and collagen in rat bladder tissue. Korean J. Urol. 51,
132–138. doi: 10.4111/kju.2010.51.2.132

Yoshimura, N., Oguchi, T., Yokoyama, H., Funahashi, Y., Yoshikawa, S.,
Sugino, Y., et al. (2014). Bladder afferent hyperexcitability in bladder pain
syndrome/interstitial cystitis. Int. J. Urol. 21(Suppl. 1), 18–25. doi: 10.1111/iju.
12308

Yu, W., Ackert-Bicknell, C., Larigakis, J. D., MacIver, B., Steers, W. D., Churchill,
G. A., et al. (2014). Spontaneous voiding by mice reveals strain-specific lower
urinary tract function to be a quantitative genetic trait. Am. J. Physiol. Renal
Physiol. 306, F1296–F1307. doi: 10.1152/ajprenal.00074.2014

Zeybek, A., Saglam, B., Cikler, E., Cetinel, S., Ercan, F., and Sener, G. (2007).
Taurine ameliorates stress-induced degeneration of the urinary bladder. Acta
Histochem. 109, 208–214. doi: 10.1016/j.acthis.2006.12.001

Zhang, C., Hai, T., Yu, L., Liu, S., Li, Q., Zhang, X., et al. (2013). Association
between occupational stress and risk of overactive bladder and other lower
urinary tract symptoms: a cross-sectional study of female nurses in China.
Neurourol. Urodyn. 32, 254–260. doi: 10.1002/nau.22290

Zvarova, K., and Vizzard, M. A. (2006). Changes in galanin immunoreactivity in
rat micturition reflex pathways after cyclophosphamide-induced cystitis. Cell
Tissue Res. 324, 213–224. doi: 10.1007/s00441-005-0114-z

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Gao and Rodríguez. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 14 March 2022 | Volume 13 | Article 818993

https://doi.org/10.1146/annurev.clinpsy.1.102803.144141
https://doi.org/10.1038/s41598-019-46267-9
https://doi.org/10.1111/iju.14663
https://doi.org/10.1016/j.urology.2011.06.041
https://doi.org/10.1016/j.urology.2011.06.041
https://doi.org/10.1371/journal.pone.0028128
https://doi.org/10.1007/s00345-002-0301-4
https://doi.org/10.2174/1874467210666170224095741
https://doi.org/10.1152/ajprenal.00231.2018
https://doi.org/10.3390/ijms21207440
https://doi.org/10.1038/nrn2647
https://doi.org/10.1038/nrn2647
https://doi.org/10.1038/s41585-021-00428-6
https://doi.org/10.1371/journal.pone.0182976
https://doi.org/10.1016/j.jpurol.2015.04.018
https://doi.org/10.1016/j.lfs.2020.118735
https://doi.org/10.1016/j.lfs.2020.118735
https://doi.org/10.3389/fphys.2020.00247
https://doi.org/10.1046/j.1365-2826.2003.01033.x
https://doi.org/10.1046/j.1365-2826.2003.01033.x
https://doi.org/10.1016/s0090-4295(01)01059-7
https://doi.org/10.1016/s0090-4295(01)01059-7
https://doi.org/10.1152/ajpregu.91013.2008
https://doi.org/10.1152/ajpregu.91013.2008
https://doi.org/10.1007/s00213-012-2648-6
https://doi.org/10.1152/ajpregu.00257.2012
https://doi.org/10.1016/s0022-5347(05)00321-6
https://doi.org/10.1016/s0022-5347(05)00321-6
https://doi.org/10.1111/j.1442-2042.2011.02905.x
https://doi.org/10.1111/j.1442-2042.2011.02905.x
https://doi.org/10.1002/nau.24324
https://doi.org/10.4111/kju.2010.51.2.132
https://doi.org/10.1111/iju.12308
https://doi.org/10.1111/iju.12308
https://doi.org/10.1152/ajprenal.00074.2014
https://doi.org/10.1016/j.acthis.2006.12.001
https://doi.org/10.1002/nau.22290
https://doi.org/10.1007/s00441-005-0114-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	The Effect of Chronic Psychological Stress on Lower Urinary Tract Function: An Animal Model Perspective
	Introduction
	Methods
	Basic Assessment Methods for Chronic Stress-Related Animal Models
	Assessment of Voiding Activities
	Assessment of Bladder Nociception in Animal Models

	Animal Models of Chronic Stress-Induced Lower Urinary Tract Dysfunction
	Model of Water Avoidance Stress
	Model of Social Stress
	Model of Early Life Stress
	Model of Repeated Variable Stress
	Model of Chronic Variable Stress
	Intermittent Restraint Stress
	Others

	Sex- and Strain-Specific Differences in Animal Models
	Implications for Integrated Mechanisms
	Central Stress Mechanisms
	Local Bladder Stress Mechanism

	Conclusion
	Author Contributions
	Funding
	References


