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Abstract

Psychological stress causes bladder dysfunction in humans and in rodent models, with
increased urinary frequency and altered contractile responses evident following repeated
environmental stress exposure. However, whether these changes persist after removal of
the stressor is unknown, and the aim of this study was to determine if stress-induced
changes in voiding behaviour and bladder function recover following removal of the stressor.
Adult female mice were allocated to three groups: Unstressed, Stressed or Stressed +
Recovery. Animals in the stressed groups were exposed to water avoidance stress for 1h/
day for 10-days, with unstressed animals age-matched and housed under normal condi-
tions. For recovery studies, animals were housed without stress exposure for an additional
10-days. Voiding behaviour was assessed periodically and animals sacrificed on day 10
(Unstressed and Stressed) or day 20 (Unstressed and Stressed + Recovery). Isolated
whole bladder studies were used to assess compliance, urothelial mediator release and
contractile responses. Exposure to stress increased plasma corticosterone levels almost
three-fold (P<0.05) but this returned to baseline during the recovery period. Contractile
responses of the bladder to carbachol and KCI were also increased following stress, and
again fully recovered after a 10-day stress-free period. In contrast, stress increased urinary
frequency four-fold (P<0.001), but this did not return fully to baseline during the recovery
period. Bladder compliance was unchanged by stress; however, it was increased in the
stressed + recovery group (P<0.05). Thus, following a stress-free period there is partial
recovery of voiding behaviour, with an increase in bladder compliance possibly contributing
to the compensatory mechanisms.

Introduction

Numerous clinical studies have reported a correlation between psychological stress and blad-
der dysfunction, with stress linked to development of bladder symptoms or worsening symp-
tom severity. This is supported by evidence from experimental studies using various rodent
models of psychological stress which have shown that stress plays a causal role in the

PLOS ONE | https://doi.org/10.1371/journal.pone.0266458  April 21, 2022

1/14


https://orcid.org/0000-0003-3118-3084
https://doi.org/10.1371/journal.pone.0266458
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266458&domain=pdf&date_stamp=2022-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266458&domain=pdf&date_stamp=2022-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266458&domain=pdf&date_stamp=2022-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266458&domain=pdf&date_stamp=2022-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266458&domain=pdf&date_stamp=2022-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266458&domain=pdf&date_stamp=2022-04-21
https://doi.org/10.1371/journal.pone.0266458
https://doi.org/10.1371/journal.pone.0266458
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26139/t4kt-5d66
https://doi.org/10.26139/t4kt-5d66
https://research.bond.edu.au/en/datasets/partial-recovery-of-voiding-function-in-female-mice-following-rep
https://research.bond.edu.au/en/datasets/partial-recovery-of-voiding-function-in-female-mice-following-rep
https://research.bond.edu.au/en/datasets/partial-recovery-of-voiding-function-in-female-mice-following-rep

PLOS ONE

Persistent stress induced bladder dysfunction

Competing interests: The authors have declared
that no competing interests exist.

development of bladder dysfunction. Our research group and others has shown that an overac-
tive voiding phenotype develops in female mice and rats following water avoidance stress, with
increased urinary frequency evident in voiding behaviour studies [1-3]. This contrasts with
the urinary retention seen in male mice due to repeated bouts of social defeat but not witness
trauma or restraint stress [4,5] and male rats following water avoidance stress [6]. These
changes in voiding have been linked to local inflammation, bladder wall hypertrophy, alter
detrusor contractile responses, in addition to changes in central control mechanisms [2,7-9].

Few studies have assessed recovery of physiological functions altered by psychological
stress. A study that investigated the effects of water avoidance stress on visceral and somatic
nociception, colonic motility, and anxiety-like behaviour reported that chronic stress in rats
resulted in persistent visceral hyperalgesia lasting at least 1 month [10]. Thirty-days of social
defeat stress in male mice was used to stimulate psychoemotional stress led to anxious and
depressive symptoms. They found that even after cessation of psychological stress, the male
mice continued to show symptoms of anxiety and depression in behavioural tests over 2-week
study period [11]. Similarly, urinary retention in male mice caused by 4-weeks of social defeat
stress, persisted after 4-weeks stress-free recovery with no benefit to use of the anxiolytic fluox-
etine observed [12]. Clinical examination of cortisol responses to psychological stress found
that non-depressed and clinically depressed individuals exhibited similar baseline cortisol lev-
els. In the recovery period however, clinically depressed patients had a significantly higher cor-
tisol level compared to their non-depressed counterparts [13]. Several clinical studies have also
observed that delayed recovery from psychological stress leads to poor cardiovascular out-
comes and may predict earlier death [14]. The only study to our knowledge that reported the
persistence of bladder dysfunction caused by water avoidance stress stated that micturition fre-
quency increased with water avoidance stress and that these voiding changes persisted for 1
month. However, no data was presented in the paper to support these persistent changes [1].

The potential for recovery of bladder function following cessation of water avoidance stress
exposure has not been clearly investigated or reported. Given the intermittent and recurring
nature of psychological stress it is an important aspect that must be considered when assessing
related physiological changes. Therefore, the aim of this study was to determine if the voiding
dysfunction and altered bladder mechanisms induced by water avoidance stress persists fol-
lowing 10-days stress-free recovery.

Methods
Water avoidance stress model

All procedures were performed in accordance with the Australian Code for the Care and Use
of Animals for Scientific Purposes and with the approval of the University of Queensland Ani-
mal Ethics Committee. Adult female C57/Bl/6] mice (12-14 weeks in age; n = 6 in each group)
housed in pairs under environmentally controlled conditions, with 12-hour light-dark cycles,
with access to food and water ab libitum. Animals were randomly allocated to into the follow-
ing experimental groups: Unstressed, Stressed or Stressed + Recovery.

Water avoidance stress was performed as previously described [2,3]. Briefly, mice in both
the Stressed and Stressed + Recovery groups were placed individually on a pedestal sur-
rounded by water for 1 hour/day for 10 consecutive days (typically started at 11am immedi-
ately following voiding analysis). After each 1-hour stress exposure, mice were returned to
their normal housing. The unstressed group consisted of age-matched control mice housed
under normal conditions and were not exposed to water avoidance stress protocols. Following
the 10-day stress protocol mice in the Stressed + Recovery group were housed under normal
conditions without stress exposure for an additional 10-days.
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Voiding Pattern Analysis (VPA)

Changes in voiding behaviour were assessed as previously described to determine how water
avoidance stress and stress-free recovery affects urinary frequency, total voided volume, average
void size and number of small voids, compared to unstressed animals [2]. VPA was performed
prior to (baseline) and at intervals (1, 3, 5, 7 and 10 days) during the WAS protocol in all animals.
VPA was also conducted on days 11, 13, 15, 17 and 20 (for Unstressed and Stress + Recovery ani-
mals) during which time all animals were housed under normal conditions without stress expo-
sure. Mice were place individually for 4 hours, at the beginning of the light cycle in cages lined
with hardened ashless filter paper, (Filtech; Quantitative 2um grade 225). Animals had access to
food and drinking water during this time. Filter papers were collected, and urine spots detected
using a Molecular Imager ChemiDoc XRS ultraviolet transilluminator (BioRad, California USA).
The papers were photographed, digitized, and then analysed using Image J software.

Isolated whole bladder preparation

Functional bladder assessments were carried out using an isolate whole bladder preparation
and set up as previously described [4,15]. Animals in the Stressed group were sacrificed by cer-
vical dislocation 24 hours following the final water avoidance stress exposure, or on day-20 for
Unstressed and Stressed + Recovery groups. At the time of sacrifice, a venous blood sample
was taken and plasma corticosterone levels quantified using the Corticosterone Competitive
ELISA (Invitrogen) according to the manufacturer’s instructions. Blood samples were col-
lected in the morning to avoid circadian variation in corticosterone levels.

The urinary bladder was isolated, and a three-way catheter was inserted through the ure-
thra. The urethra and ureters were ligated, and the bladder was placed into a bath of gassed
(95%0,/5% CO,) Krebs-bicarbonate solution (composition in mM: NaCl 118, NaHCOj; 24.9,
CaCl, 1.9, MgSO, 1.15, KCl1 4.7, KH,PO, 1.15, and D-glucose 11.7) at 37°C. The three-way
catheter was attached to an infusion pump to allow bladder filling, a pressure transducer to
record intravesical pressure, and an outflow syringe to collect intraluminal fluid and allow
bladder emptying. Intravesical pressure was measured using a pressure transducer (Global-
Town Microtech, Sarasota, FL) connected to a PC via a PowerLab data acquisition system (AD
Instruments, Sydney, Australia), using LabChart 7 software (AD Instruments). Bladder disten-
sions were performed by intravesical infusion of saline at a rate of 30 pL/min up to a maximum
pressure of 40 mmHg to assess viability, and to 20 mmHg for all further distensions.

Intraluminal fluid was collected via the catheter following distension to 20 mmHg, in addi-
tion to a sample of serosal fluid, to determine if changes in release of urothelial signalling
mediators occurs. Samples were stored at -80°C until analysis of ATP and acetylcholine (ACh)
levels. Quantification of ATP and ACh was carried out using the ATP Determination Kit
(Molecular Probes), and the Acetylcholine Amplex Red Assay Kit (Molecular Probes) respec-
tively. The assays were performed according to manufacturer instructions, with luminescence
and fluorescence (excitation 540, emission 590 nm) measured, using a Modulus micro-plate
reader (Promega).

Following bladder distension to 20 mmHg, bladders were allowed to equilibrate/accommo-
date for approximately 60 minutes, during which time spontaneous phasic activity was mea-
sured as (i) the frequency of spontaneous contractions per minute and (ii) the amplitude
measured as the change in intravesical pressure from the trough to peak of the contractions.

Changes in nerve-mediated contractile bladder responses were assessed by electric field
stimulation (EFS). The bladder was electrically stimulated (0.1ms pulse-width, 50 V) for 5 sec-
onds, every 100 seconds at 1-20 Hz. Bladders were stimulated at each frequency until 3 consis-
tent responses were obtained and contractions were measured as the increase in intravesical

PLOS ONE | https://doi.org/10.1371/journal.pone.0266458  April 21, 2022 3/14


https://doi.org/10.1371/journal.pone.0266458

PLOS ONE

Persistent stress induced bladder dysfunction

pressure from baseline. EFS was repeated at 20 Hz in the absence and presence of atropine

(1 uM) to block muscarinic receptors and of-methylene ATP (10 uM) to desensitize P2X
receptors and thus remove cholinergic and purinergic components, respectively. Neurogenic
origins of the pressure responses were confirmed by addition of tetrodotoxin (0.1 uM), which
abolished responses to EFS.

Intravesical pressure responses to pharmacological agents were also assessed by addition of
cumulative concentrations of the muscarinic agonist carbachol, and relaxations to the f-adre-
noceptor agonist isoprenaline following precontraction with carbachol (1 pM). Non-receptor
mediated contractile bladder responses were also assessed using KCI (60 mM). All contraction
and relaxation responses were measured as change in pressure from baseline.

Data and statistical analysis

All experiments were randomized, with 6 mice per experimental group and each experimental
protocol started on a different day. Results are expressed as mean + standard error of the mean
(SEM). Data were analysed using ordinary one-way ANOVA with Dunnett multiple compari-

sons test or repeated measures two-way ANOVA with Bonferroni’s multiple comparisons test,
using GraphPad Prism version 6 software (GraphPad, San Diego, CA). Significance levels were
defined as P<0.05 (*).

Results
Bladder weight, water consumption and voiding behaviour

No significant difference in bladder weight, body weight or water consumption as detected
between the experimental groups (Table 1). Voiding pattern analysis was used to assess stress
induced changes in voiding behaviour and recovery of voiding function. Total voided area
which represents urine output was unchanged over the 10-days of stress and was similarly
unchanged during the stress-free recovery period indicating urine production was unchanged
(Fig 1A). Voiding frequency increased in stressed mice over the initial 10-day stress period
compared to the unstressed group. Over the following 10-days of stress-free recovery, the void-
ing frequency decreased although not to baseline, remaining significantly elevated (p =
<0.001) compared to the unstressed group on day 20 (Fig 1B). The average void size was sig-
nificantly reduced by stress and remained so during the stress-free recovery days (Fig 1C).
Similarly, the number of small voids was also increased over the 10-days of stress and was still
increased in the following 10-day stress-free period (p = <0.001) (Fig 1D).

Plasma corticosterone and isolated whole bladder responses

At the time of sacrifice a blood sample was taken for determination of the hormonal stress
response. Plasma corticosterone levels were significantly increased in the Stressed group at day-
10 (154.20 + 29.24 pg/mL (p = 0.0048)) compared to the Unstressed group (54.14 + 9.14 pg/mL),
with corticosterone levels significantly decreased and returned to unstressed levels after 10-days
of stress-free recovery (32.06 + 0.10 ug/mL) (p = 0.0031) (Fig 2A).

Table 1. Body weight, water consumption during VPA and bladder weight (at time of sacrifice) in Unstressed, Stressed and Stressed + Recovery mice.

Body weight (g)
Bladder weight (mg)

Water consumption (g)

https://doi.org/10.1371/journal.pone.0266458.t001

Unstressed Stressed Stressed + Recovery
21.2£0.28 18.5 + 0.67 20.6 = 0.67
23.1+1.13 20.78 £ 0.53 22.3+1.43
0.95 £+ 0.06 0.79 £ 0.23 1.15+0.12
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Fig 1. Changes in voiding behaviour measured in mice during 10-day stress exposure period and over the following non-stress days compared to
unstressed controls. Voiding was assessed in terms of change in A) total voided area, B) urinary frequency, C) average void size and D) number of small
voids. Data represents mean + SEM (n = 6) and was analysed using two-way ANOVA with Bonferroni’s multiple comparisons test (*p<0.05, **p<0.01 and
***p<0.001 vs unstressed).

https://doi.org/10.1371/journal.pone.0266458.g001

The volume-pressure relationship of isolated whole bladders during distension was not sig-
nificantly changed by stress with a 95 + 10 pL saline stored in bladders from unstressed mice at
an intravesical pressure of 40mmHg compared to 113 + 17 pL in the stressed group. However,
10-days stress-free recovery resulted in a significant increase in bladder compliance with a
larger volume of saline (178 + 19 uL) stored at the same pressure (p = 0.006 vs Unstressed;

p = 0.03 vs Stressed) (Fig 2B).

Spontaneous phasic activity was measured during accommodation following bladder dis-
tension to 20mmHg, with no significant change in the frequency or amplitude of spontaneous
contractions observed (Fig 3A and 3B). However, the frequency, but not amplitude, of phasic
contractions following stimulation with the muscarinic agonist carbachol was significantly
increased in the Stressed group compared to the Unstressed group, with stress-free recovery
significantly reducing this change (Fig 3C and 3D).

Receptor-independent contractions to KCl and maximal responses to muscarinic stimula-
tion with carbachol in isolated whole bladders were significantly increased in the Stressed
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Fig 2. A) Plasma corticosterone measured in animals from unstressed, stressed and stress + recovery groups. B) Volume-pressure relationship in isolated
whole bladders. Data represents mean + SEM (n = 6) and was analysed using (A) one-way ANOVA with Tukey’s multiple comparisons test or (B) two-way
ANOVA with Tukey’s multiple comparisons test (***p<0.01 and ***p<0.001 vs unstressed; ##p<0.01 vs stressed).

https://doi.org/10.1371/journal.pone.0266458.9002

group compared to the Unstressed group, while 10-days stress-free recovery returned
responses to unstressed levels (Fig 4A and 4B). When carbachol responses were normalised to
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Fig 3. (A-B) Spontaneous and (C-D) carbachol (1uM) stimulated phasic contractions in isolated whole bladders from unstressed and stressed mice, and
following 10-days stress free, measured as (A&C) frequency and (B&D) amplitude of phasic contractions. Data represents mean + SEM (n = 6) and was
analysed using one-way ANOVA with Tukey’s multiple comparisons test (**p<0.01 stressed vs unstressed; #p<0.05 stressed vs stress + recovery).

https://doi.org/10.1371/journal.pone.0266458.g003
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https://doi.org/10.1371/journal.pone.0266458.9004

the KCl response, no significant difference in maximal contractile responses was detected (Fig
4C). Bladder relaxation to the beta-adrenoceptor agonist isoprenaline was not significantly
changed across the experimental groups (Fig 4D).

Stress did not alter nerve-mediated bladder contractions and the responses to EFS were also
not changed in stressed mice following the 10-days stress-free period (Fig 5A). When the EFS
responses were normalised to the KCl response, nerve mediated contractions in the stress
group were depressed compared the unstressed group, this difference being significant at 20
Hz (Fig 5B). The addition of atropine to block cholinergic bladder responses, decreased the
pressure response to EFS at 20Hz by 21.6 + 3.62% in the control group, with a similar change
observed in the stressed (26.9 + 4.9%) and recovery (16.9 + 5.5%) groups. Desensitization of
purinergic receptors with opm-ATP reduced the response to EFS by a further 54.9 + 4.2% in
bladders from unstressed animals, again with no significant difference between the groups
(65.6 £ 4.5% Stressed; 49.8 + 6.2% Stressed + Recovery).

Serosal and intraluminal ATP levels were unchanged across all experimental groups (Fig
6A and 6B). Similarly, intraluminal ACh levels were not significantly altered by 10-days

PLOS ONE | https://doi.org/10.1371/journal.pone.0266458  April 21, 2022 7/14


https://doi.org/10.1371/journal.pone.0266458.g004
https://doi.org/10.1371/journal.pone.0266458

PLOS ONE Persistent stress induced bladder dysfunction

(v y)

A

(]
307 o Unstressed 2 200~
o "
(o) & Stressed 2
E O Stress + Recovery ® 1501
£ 201 )
~ >4
£ 3 100-
3 Py
e 10" g 50-
> £ s
S
0 T T T 1 nq: 0 1 1 T 1
0 5 10 15 20 0 5 10 15 20
Frequency (Hz) Frequency (Hz)
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exposure to WAS, nor did 10-days stress-free recovery affect release of this signalling mediator
(Fig 6C). However, release of ACh into the serosal fluid was significantly increased in the
Stressed + Recovery group compared to the unstressed group (p = 0.007) (Fig 6D).

Discussion

The aim of this study was to determine if there is recovery from the voiding dysfunction
observed in the female water avoidance stress model. Much of the previous research has
focused on the immediate impact of chronic psychological stress on behaviour and physiologi-
cal function. There has been some more recent work investigating recovery post-stress on
other organ systems, with evidence that stress-induced hippocampal structural and functional
changes do not simply return to the original unstressed state following a recovery period, with
significant changes in hippocampal gene expression evident in post-stress recovery groups
[16,17]. Chronic psychological stress results in an irreversible decrease in anti-oxidant
defences in the fallopian tubes of rats measured after a 4-week recovery following exposure to
restraint stress for 4, 8 or 12 weeks, unlike uterine changes which returned to unstressed con-
trol levels following 4 and 8 weeks, but not 12 week stress exposure [18]. Chronic social defeat
stress results in urinary retention that persists for at least 4-weeks following cessation of stress
in young male mice, accompanied by persistent elevation in CRF expression in Barrington’s
nucleus and an increase in bladder mass [12].

We are aware of only one experimental study that reported on the persistence of voiding
dysfunction following chronic water stress exposure, which claimed that changes in micturi-
tion lasted for approximately 1 month in female rats following water avoidance stress, with a
mean duration of 24 days, although surprisingly supporting data was not presented in the
paper [1]. As reported previously, water avoidance stress results in an overactive voiding phe-
notype in mice, with voiding increased over the 10-days stress exposure. While voiding fre-
quency did decrease over the following 10-days recovery period, voiding frequency remained
significantly elevated compared to unstressed controls, with an apparent spike at day 20. The
same trend was also observed in the number of small voids (<0.2cm?) and average void size
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Fig 6. Effects of stress and 10-days stress-free recovery on total release of (A-B) ATP and (C-D) ACh from isolated whole bladders following
distension to 20mmHg into the (A&C) intraluminal and (B&D) serosal fluid compared to unstressed controls. Data represents mean + SEM
(n = 6) and was analysed using one-way ANOVA with Tukey’s multiple comparisons test (**p<0.05 vs Unstressed).

https://doi.org/10.1371/journal.pone.0266458.9006

was consistently reduced. This demonstrates the long-term effect of psychological stress on

bladder function.
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Corticosterone levels have been documented to increase in rodent stress models [19,20].
Here we demonstrate that corticosterone levels decreased in the stressed mice after 10-days of
stress-free recovery, returning to unstressed control levels. This indicates that the hormonal
response to psychological stress recovers, but this is not associated with full recovery of bladder
function.

Changes in bladder compliance manifest with long term changes in bladder morphology.
The extracellular matrix of the bladder is made up of Type I and Type III collagen, which help
to maintain tension and smooth muscle binding, leading to decreased contractility and com-
pliance [21] and increased bladder elasticity and contractility of smooth muscle respectively
[22]. One study has found that after chronic stress of female mice, both type I and III collagen
were increased in bladders, which demonstrates that stress can induce pathological changes in
bladder stability [23], and while no change in bladder compliance was observed in the stressed
group in this study, compliance was increased following a period of recovery after stress. It
suggests that changes in the collagen smooth muscle ratio occurs as a compensatory mecha-
nism in the recovery phase post-stress, thereby increasing compliance in the recovered blad-
ders. It is interesting that voiding behaviour had not fully recovered given the increase in
compliance observed. This may be explained by bladder hypersensitivity caused by stress
[24,25]. We have recently shown that water avoidance stress results in increased bladder affer-
ent activity in both low and high threshold fibres, specifically at low bladder pressures within
the physiological range [25]. This afferent hypersensitivity may be persistent and therefore
contributing to continued voiding dysfunction regardless of cessation of stress, causing void-
ing to occur at lower bladder pressures despite increased compliance. Also of note is that the
volume/pressure relationship is similar between groups at lower pressures, at which micturi-
tion is likely to be triggered if bladder afferent activity remains increased.

Detrusor smooth muscle exhibits spontaneous phasic activity of myogenic origin [26,27].
This is reported to be dependent on calcium entry mechanisms and potassium channels and
modulated by the presence of the urothelium [27,28]. In animal models of bladder dysfunction
[29,30] and in patients with bladder overactivity, enhanced phasic activity has been linked to
the pathophysiology of observed bladder changes [31]. The increased frequency of phasic con-
tractions observed in the stress group may therefore contribute to the overactive voiding pattern
seen with stress. Stress-free recovery reduced the frequency of contractions and may therefore
contribute to the partial recovery of voiding behaviour observed in these female mice.

Nerve mediated bladder responses to EFS, at all frequencies, were not affected by stress or
recovery despite a general increase in contractility seen with stress. However when normalised
to the KCl response, nerve-evoked contractions were depressed in the stressed group as
reported previously [3], but not in the recovery group. With no change observed in the relative
contribution of ATP and ACh to neurotransmission in the bladder, these changes would sug-
gest reduced neurotransmitter release with stress and recovery of these changes post-stress.
Similarly, there was also recovery of the enhance contractile responses observed to receptor-
dependent and independent bladder contractions.

Interestingly, serosal ACh was significantly increased in the recovery group. Studies of non-
neuronal ACh have found that urothelial cells express high-affinity choline transporter 1 as
well as choline acetyltransferase and carnitine acetyltransferase [32]. While vesicular release of
ACh occurs in nerve terminals, non-vesicular release has been shown to occur from the
urothelium, due to the absence of the vesicular acetylcholine transporter. The same study also
identified organic cation transporters 1 and 3, which are important for the release of ACh [33].
The role of ACh is still being identified, however, there is some evidence that the neurotrans-
mitter influences sensory nerve activity and stimulates the release of urothelial derived inhibi-
tory factor (UDIF) [34]. It could be theorised that enhanced ACh release results in greater
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release of UDIF, that then acts to inhibit detrusor muscle contraction in the recovery group
decreasing the enhanced contractility caused by stress [35]. There is conflicting evidence
regarding the role of urothelial ACh in modulating sensory nerve activity, with Daly et al
reporting that muscarinic pathways depress sensory transduction in the bladder, while others
claim there is a stimulatory effect [36-38]. Due to the conflicting nature of this evidence, it is
difficult to interpret how enhanced ACh release plays a role during post-stress recovery; poten-
tially improving voiding behaviour by desensitizing bladder afferent or alternatively prevent-
ing full recovery by sensitizing sensory nerves. The persistent elevation in voiding frequency
and decreased average void size following a stress-free period, despite increased bladder com-
pliance and recovery of detrusor contractile responses, suggests that there may be sensitization
of bladder afferent nerves and/or alterations to central micturition control centre contributing
to the stress induced voiding dysfunction. Stress is known to result in pro-inflammatory effects
by activating mast cells, with increased total and activated mast cells observed in bladder wall
specimens [1,39], with their presence linked to bladder pathologies. Histamine along with
other inflammatory mediators is released upon mast cell activation and has been reported to
increase the sensitivity of bladder afferent nerves to distension [40], and affect the frequency of
spontaneous contractions in the urothelium and lamina propria [41]. While it is unknown if
mast cell infiltration persists following cessation of stress, previous research has shown that
ACh plays a role in activation of mast cell degranulation via muscarinic receptors [42]. The ele-
vated ACh release observed here following the recovery period may contribute to the contin-
ued voiding dysfunction caused by stress via release of histamine.

The results presented here indicate that psychological stress affects bladder function, evi-
dent in the increased voiding frequency and increased contractile responses. There was a non-
specific increase in detrusor contraction, which appears to be offset by the efferent innerva-
tion/neurotransmission. A period of stress-free recovery appeared to reduce the increased con-
tractility induced by stress and was associated with enhanced bladder compliance.
Interestingly, while voiding frequency was reduced following stress-free recovery, it remained
elevated compared to unstressed controls which indicates another underlying mechanism may
be responsible, possibly involving sensory nerves.

Supporting information

S1 File.
(XLSX)

Author Contributions

Conceptualization: Russ Chess-Williams, Donna J. Sellers.

Formal analysis: Eliza G. West.

Funding acquisition: Catherine McDermott, Russ Chess-Williams, Donna J. Sellers.
Investigation: Eliza G. West.

Methodology: Eliza G. West, Catherine McDermott.

Supervision: Catherine McDermott, Russ Chess-Williams, Donna J. Sellers.
Writing - original draft: Eliza G. West.

Writing - review & editing: Catherine McDermott, Russ Chess-Williams, Donna J. Sellers.

PLOS ONE | https://doi.org/10.1371/journal.pone.0266458  April 21, 2022 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266458.s001
https://doi.org/10.1371/journal.pone.0266458

PLOS ONE

Persistent stress induced bladder dysfunction

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

Smith AL, Leung J, Kun S, Zhang R, Karagiannides |, Raz S, et al. The effects of acute and chronic psy-
chological stress on bladder function in a rodent model. Urology. 2011; 78(4):967 e1-7.

West EG, Sellers DJ, Chess-Williams R, McDermott C. Bladder overactivity induced by psychological
stress in female mice is associated with enhanced bladder contractility. Life Sci. 2020:118735. https:/
doi.org/10.1016/).Ifs.2020.118735 PMID: 33166589

West EG, Sellers DJ, Chess-Williams R, McDermott C. The anxiolytic sertraline reduces the impact of
psychological stress on bladder function in mice. Life Sci. 2021; 278:119598. https://doi.org/10.1016/j.
Ifs.2021.119598 PMID: 33984361

West EG, Sellers DJ, Chess-Williams R, McDermott C. Voiding Behavior and Efferent Bladder Function
Altered in Mice Following Social Defeat but Not Witness Trauma. Front Physiol. 2020; 11:247. https://
doi.org/10.3389/fphys.2020.00247 PMID: 32265738

Mann EA, Alam Z, Hufgard JR, Mogle M, Williams MT, Vorhees CV, et al. Chronic social defeat, but not
restraint stress, alters bladder function in mice. Physiol Behav. 2015; 150:83-92. https://doi.org/10.
1016/j.physbeh.2015.02.021 PMID: 25689100

McGonagle E, Smith A, Butler S, Sliwoski J, Valentino R, Canning D, et al. Water avoidance stress
results in an altered voiding phenotype in male mice. Neurourol Urodyn. 2012; 31(7):1185-9. https://
doi.org/10.1002/nau.22207 PMID: 22473515

Han DY, Jeong HJ, Lee MY. Bladder Hyperactivity Induced by Chronic Variable Stress in Rats. Low
Urin Tract Symptoms. 2015; 7(1):56—61. https://doi.org/10.1111/luts.12048 PMID: 26663653

Pavcovich LA, Valentino RJ. Central regulation of micturition in the rat the corticotropin-releasing hor-
mone from Barrington’s nucleus. Neurosci Lett. 1995; 196(3):185-8. https://doi.org/10.1016/0304-3940
(95)11873-u PMID: 7501279

Pierce AN, Di Silvestro ER, Eller OC, Wang R, Ryals JM, Christianson JA. Urinary bladder hypersensi-
tivity and dysfunction in female mice following early life and adult stress. Brain Res. 2016; 1639:58-73.
https://doi.org/10.1016/j.brainres.2016.02.039 PMID: 26940840

Bradesi S, Schwetz I, Ennes HS, Lamy CM, Ohning G, Fanselow M, et al. Repeated exposure to water
avoidance stress in rats: a new model for sustained visceral hyperalgesia. Am J Physiol Gastrointest
Liver Physiol. 2005; 289(1):G42-53. https://doi.org/10.1152/ajpgi.00500.2004 PMID: 15746211

Avgustinovich DF, Kovalenko IL, Kudryavtseva NN. A model of anxious depression: persistence of
behavioral pathology. Neurosci Behav Physiol. 2005; 35(9):917—-24. https://doi.org/10.1007/s11055-
005-0146-6 PMID: 16270173

Butler S, Luz S, McFadden K, Fesi J, Long C, Spruce L, et al. Murine social stress results in long lasting
voiding dysfunction. Physiol Behav. 2018; 183:10-7. https://doi.org/10.1016/j.physbeh.2017.09.020
PMID: 28988966

Burke HM, Davis MC, Otte C, Mohr DC. Depression and cortisol responses to psychological stress: a
meta-analysis. Psychoneuroendocrinology. 2005; 30(9):846-56. https://doi.org/10.1016/j.psyneuen.
2005.02.010 PMID: 15961250

Chatkoff DK, Maier KJ, Klein C. Nonlinear associations between chronic stress and cardiovascular
reactivity and recovery. Int J Psychophysiol. 2010; 77(2):150-6. https://doi.org/10.1016/].ijpsycho.2010.
05.008 PMID: 20561895

West EG, Lang R, Sellers D, Chess-Williams R, McDermott C. Ibuprofen Decreases Spontaneous
Activity and Enhances Nerve-Evoked Contractions to Minimize Mitomycin C-Induced Bladder Dysfunc-
tion. J Pharmacol Exp Ther. 2018; 366(2):282—-90. https://doi.org/10.1124/jpet.118.248989 PMID:
29784662

Gray JD, Rubin TG, Hunter RG, McEwen BS. Hippocampal gene expression changes underlying stress
sensitization and recovery. Mol Psychiatry. 2014; 19(11):1171-8. https://doi.org/10.1038/mp.2013.175
PMID: 24342991

Ortiz JB, Conrad CD. The impact from the aftermath of chronic stress on hippocampal structure and
function: Is there a recovery? Front Neuroendocrinol. 2018; 49:114—-23. https://doi.org/10.1016/j.yfrne.
2018.02.005 PMID: 29428548

Divyashree S, Yajurvedi HN. Chronic stress effects and their reversibility on the Fallopian tubes and
uterus in rats. Reprod Fertil Dev. 2018; 30(2):380—-90. https://doi.org/10.1071/RD17082 PMID:
28743351

Hassan AM, Jain P, Reichmann F, Mayerhofer R, Farzi A, Schuligoi R, et al. Repeated predictable
stress causes resilience against colitis-induced behavioral changes in mice. Front Behav Neurosci.
2014; 8:386. https://doi.org/10.3389/fnbeh.2014.00386 PMID: 25414650

Wang Z, Chang HH, Gao Y, Zhang R, Guo Y, Holschneider DP, et al. Effects of water avoidance stress
on peripheral and central responses during bladder filling in the rat: A multidisciplinary approach to the

PLOS ONE | https://doi.org/10.1371/journal.pone.0266458  April 21, 2022 12/14


https://doi.org/10.1016/j.lfs.2020.118735
https://doi.org/10.1016/j.lfs.2020.118735
http://www.ncbi.nlm.nih.gov/pubmed/33166589
https://doi.org/10.1016/j.lfs.2021.119598
https://doi.org/10.1016/j.lfs.2021.119598
http://www.ncbi.nlm.nih.gov/pubmed/33984361
https://doi.org/10.3389/fphys.2020.00247
https://doi.org/10.3389/fphys.2020.00247
http://www.ncbi.nlm.nih.gov/pubmed/32265738
https://doi.org/10.1016/j.physbeh.2015.02.021
https://doi.org/10.1016/j.physbeh.2015.02.021
http://www.ncbi.nlm.nih.gov/pubmed/25689100
https://doi.org/10.1002/nau.22207
https://doi.org/10.1002/nau.22207
http://www.ncbi.nlm.nih.gov/pubmed/22473515
https://doi.org/10.1111/luts.12048
http://www.ncbi.nlm.nih.gov/pubmed/26663653
https://doi.org/10.1016/0304-3940(95)11873-u
https://doi.org/10.1016/0304-3940(95)11873-u
http://www.ncbi.nlm.nih.gov/pubmed/7501279
https://doi.org/10.1016/j.brainres.2016.02.039
http://www.ncbi.nlm.nih.gov/pubmed/26940840
https://doi.org/10.1152/ajpgi.00500.2004
http://www.ncbi.nlm.nih.gov/pubmed/15746211
https://doi.org/10.1007/s11055-005-0146-6
https://doi.org/10.1007/s11055-005-0146-6
http://www.ncbi.nlm.nih.gov/pubmed/16270173
https://doi.org/10.1016/j.physbeh.2017.09.020
http://www.ncbi.nlm.nih.gov/pubmed/28988966
https://doi.org/10.1016/j.psyneuen.2005.02.010
https://doi.org/10.1016/j.psyneuen.2005.02.010
http://www.ncbi.nlm.nih.gov/pubmed/15961250
https://doi.org/10.1016/j.ijpsycho.2010.05.008
https://doi.org/10.1016/j.ijpsycho.2010.05.008
http://www.ncbi.nlm.nih.gov/pubmed/20561895
https://doi.org/10.1124/jpet.118.248989
http://www.ncbi.nlm.nih.gov/pubmed/29784662
https://doi.org/10.1038/mp.2013.175
http://www.ncbi.nlm.nih.gov/pubmed/24342991
https://doi.org/10.1016/j.yfrne.2018.02.005
https://doi.org/10.1016/j.yfrne.2018.02.005
http://www.ncbi.nlm.nih.gov/pubmed/29428548
https://doi.org/10.1071/RD17082
http://www.ncbi.nlm.nih.gov/pubmed/28743351
https://doi.org/10.3389/fnbeh.2014.00386
http://www.ncbi.nlm.nih.gov/pubmed/25414650
https://doi.org/10.1371/journal.pone.0266458

PLOS ONE

Persistent stress induced bladder dysfunction

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

study of urologic chronic pelvic pain syndrome (MAPP) research network study. PLoS One. 2017; 12
(9):e0182976. https://doi.org/10.1371/journal.pone.0182976 PMID: 28886046

Inaba M, Ukimura O, Yaoi T, Kawauchi A, Fushiki S, Miki T. Upregulation of heme oxygenase and colla-
gen type lll in the rat bladder after partial bladder outlet obstruction. Urol Int. 2007; 78(3):270-7. https://
doi.org/10.1159/000099351 PMID: 17406140

Stevenson K, Kucich U, Whitbeck C, Levin RM, Howard PS. Functional changes in bladder tissue from
type Il collagen-deficient mice. Mol Cell Biochem. 2006; 283(1—2):107—14. https://doi.org/10.1007/
511010-006-2388-1 PMID: 16444592

Yoon H, Lee D, Chun K, Yoon H, Yoo J. Effect of stress on the expression of rho-kinase and collagen in
rat bladder tissue. Korean J Urol. 2010; 51(2):132-8. https://doi.org/10.4111/kju.2010.51.2.132 PMID:
20414427

Gao 'Y, Zhang R, Chang HH, Rodriguez LV. The role of C-fibers in the development of chronic psycho-
logical stress induced enhanced bladder sensations and nociceptive responses: A multidisciplinary
approach to the study of urologic chronic pelvic pain syndrome (MAPP) research network study. Neu-
rourol Urodyn. 2018; 37(2):673-80. https://doi.org/10.1002/nau.23374 PMID: 28792095

Mills KA, West EG, Sellers DJ, Chess-Williams R, McDermott C. Psychological stress induced bladder
overactivity in female mice is associated with enhanced afferent nerve activity. Sci Rep. 2021; 11
(1):17508. https://doi.org/10.1038/s41598-021-97053-5 PMID: 34471159

Levin RM, Ruggieri MR, Velagapudi S, Gordon D, Altman B, Wein AJ. Relevance of spontaneous activ-
ity to urinary bladder function: an in vitro and in vivo study. J Urol. 1986; 136(2):517-21. https://doi.org/
10.1016/s0022-5347(17)44934-2 PMID: 2874238

Buckner SA, Milicic |, Daza AV, Coghlan MJ, Gopalakrishnan M. Spontaneous phasic activity of the pig
urinary bladder smooth muscle: characteristics and sensitivity to potassium channel modulators. Br J
Pharmacol. 2002; 135(3):639-48. https://doi.org/10.1038/s].bjp.0704499 PMID: 11834611

Vahabi B, Sellers DJ, Bijos DA, Drake MJ. Phasic contractions in urinary bladder from juvenile versus
adult pigs. PLoS One. 2013; 8(3):€58611. https://doi.org/10.1371/journal.pone.0058611 PMID: 23516515

Banks FC, Knight GE, Calvert RC, Morgan RJ, Burnstock G. Alterations in purinergic and cholinergic
components of contractile responses of isolated detrusor contraction in a rat model of partial bladder
outlet obstruction. BJU Int. 2006; 97(2):372-8. https://doi.org/10.1111/j.1464-410X.2006.06010.x
PMID: 16430650

Vahabi B, Lawson K, McKay NG, Sellers DJ. Phasic activity of urinary bladder smooth muscle in the
streptozotocin-induced diabetic rat: effect of potassium channel modulators. Eur J Pharmacol. 2011;
660(2—3):431-7. https://doi.org/10.1016/j.ejphar.2011.03.053 PMID: 21497590

Mills IW, Greenland JE, McMurray G, McCoy R, Ho KM, Noble JG, et al. Studies of the pathophysiology
of idiopathic detrusor instability: the physiological properties of the detrusor smooth muscle and its pat-
tern of innervation. J Urol. 2000; 163(2):646-51. https://doi.org/10.1016/s0022-5347(05)67951-7
PMID: 10647702

Hanna-Mitchell AT, Beckel JM, Barbadora S, Kanai AJ, de Groat WC, Birder LA. Non-neuronal acetyl-
choline and urinary bladder urothelium. Life Sci. 2007; 80(24—25):2298-302. https://doi.org/10.1016/j.
Ifs.2007.02.010 PMID: 17363007

Lips KS, Wunsch J, Zarghooni S, Bschleipfer T, Schukowski K, Weidner W, et al. Acetylcholine and
molecular components of its synthesis and release machinery in the urothelium. Eur Urol. 2007; 51
(4):1042-53. https://doi.org/10.1016/j.eururo.2006.10.028 PMID: 17084519

Hawthorn MH, Chapple CR, Cock M, Chess-Williams R. Urothelium-derived inhibitory factor(s) influ-
ences on detrusor muscle contractility in vitro. Br J Pharmacol. 2000; 129(3):416-9. https://doi.org/10.
1038/s].bjp.0703068 PMID: 10711338

Templeman LC, C.R.; Chess-Williams R. Urothelium derived inhibitory factor and cross-talk among
receptors in the trigone of the bladder of the pig. The journal of urology. 2002; 167(2):3. https://doi.org/
10.1097/00005392-200202000-00076 PMID: 11792964

Daly DM, Chess-Williams R, Chapple C, Grundy D. The inhibitory role of acetylcholine and muscarinic
receptors in bladder afferent activity. Eur Urol. 2010; 58(1):22—8; discussion 31-2. https://doi.org/10.
1016/j.eururo.2009.12.030 PMID: 20071074

De Wachter S, Wyndaele JJ. Intravesical oxybutynin: a local anesthetic effect on bladder C afferents. J
Urol. 2003; 169(5):1892-5. https://doi.org/10.1097/01.ju.0000049903.60057.4b PMID: 12686868

lijima K, De Wachter S, Wyndaele JJ. Effects of the M3 receptor selective muscarinic antagonist darife-
nacin on bladder afferent activity of the rat pelvic nerve. Eur Urol. 2007; 52(3):842—7. https://doi.org/10.
1016/j.eururo.2007.02.057 PMID: 17360104

Spanos C, Pang X, Ligris K, Letourneau R, Alferes L, Alexacos N, et al. Stress-induced bladder mast
cell activation: implications for interstitial cystitis. J Urol. 1997; 157(2):669—-72. PMID: 8996395

PLOS ONE | https://doi.org/10.1371/journal.pone.0266458  April 21, 2022 13/14


https://doi.org/10.1371/journal.pone.0182976
http://www.ncbi.nlm.nih.gov/pubmed/28886046
https://doi.org/10.1159/000099351
https://doi.org/10.1159/000099351
http://www.ncbi.nlm.nih.gov/pubmed/17406140
https://doi.org/10.1007/s11010-006-2388-1
https://doi.org/10.1007/s11010-006-2388-1
http://www.ncbi.nlm.nih.gov/pubmed/16444592
https://doi.org/10.4111/kju.2010.51.2.132
http://www.ncbi.nlm.nih.gov/pubmed/20414427
https://doi.org/10.1002/nau.23374
http://www.ncbi.nlm.nih.gov/pubmed/28792095
https://doi.org/10.1038/s41598-021-97053-5
http://www.ncbi.nlm.nih.gov/pubmed/34471159
https://doi.org/10.1016/s0022-5347(17)44934-2
https://doi.org/10.1016/s0022-5347(17)44934-2
http://www.ncbi.nlm.nih.gov/pubmed/2874238
https://doi.org/10.1038/sj.bjp.0704499
http://www.ncbi.nlm.nih.gov/pubmed/11834611
https://doi.org/10.1371/journal.pone.0058611
http://www.ncbi.nlm.nih.gov/pubmed/23516515
https://doi.org/10.1111/j.1464-410X.2006.06010.x
http://www.ncbi.nlm.nih.gov/pubmed/16430650
https://doi.org/10.1016/j.ejphar.2011.03.053
http://www.ncbi.nlm.nih.gov/pubmed/21497590
https://doi.org/10.1016/s0022-5347(05)67951-7
http://www.ncbi.nlm.nih.gov/pubmed/10647702
https://doi.org/10.1016/j.lfs.2007.02.010
https://doi.org/10.1016/j.lfs.2007.02.010
http://www.ncbi.nlm.nih.gov/pubmed/17363007
https://doi.org/10.1016/j.eururo.2006.10.028
http://www.ncbi.nlm.nih.gov/pubmed/17084519
https://doi.org/10.1038/sj.bjp.0703068
https://doi.org/10.1038/sj.bjp.0703068
http://www.ncbi.nlm.nih.gov/pubmed/10711338
https://doi.org/10.1097/00005392-200202000-00076
https://doi.org/10.1097/00005392-200202000-00076
http://www.ncbi.nlm.nih.gov/pubmed/11792964
https://doi.org/10.1016/j.eururo.2009.12.030
https://doi.org/10.1016/j.eururo.2009.12.030
http://www.ncbi.nlm.nih.gov/pubmed/20071074
https://doi.org/10.1097/01.ju.0000049903.60057.4b
http://www.ncbi.nlm.nih.gov/pubmed/12686868
https://doi.org/10.1016/j.eururo.2007.02.057
https://doi.org/10.1016/j.eururo.2007.02.057
http://www.ncbi.nlm.nih.gov/pubmed/17360104
http://www.ncbi.nlm.nih.gov/pubmed/8996395
https://doi.org/10.1371/journal.pone.0266458

PLOS ONE Persistent stress induced bladder dysfunction

40. Grundy L, Caldwell A, Garcia Caraballo S, Erickson A, Schober G, Castro J, et al. Histamine induces
peripheral and central hypersensitivity to bladder distension via the histamine H1 receptor and TRPV1.
Am J Physiol Renal Physiol. 2020; 318(2):F298—-F314. https://doi.org/10.1152/ajprenal.00435.2019
PMID: 31790304

41. Stromberga Z, Chess-Williams R, Moro C. Histamine modulation of urinary bladder urothelium, lamina
propria and detrusor contractile activity via H1 and H2 receptors. Sci Rep. 2019; 9(1):3899. hitps://doi.
org/10.1038/s41598-019-40384-1 PMID: 30846750

42. Masini E, Fantozzi R, Conti A, Blandina P, Brunelleschi S, Mannaioni PF. Mast cell heterogeneity in
response to cholinergic stimulation. Int Arch Allergy Appl Immunol. 1985; 77(1-2):184-5. https://doi.
org/10.1159/000233780 PMID: 2409017

PLOS ONE | https://doi.org/10.1371/journal.pone.0266458  April 21, 2022 14/14


https://doi.org/10.1152/ajprenal.00435.2019
http://www.ncbi.nlm.nih.gov/pubmed/31790304
https://doi.org/10.1038/s41598-019-40384-1
https://doi.org/10.1038/s41598-019-40384-1
http://www.ncbi.nlm.nih.gov/pubmed/30846750
https://doi.org/10.1159/000233780
https://doi.org/10.1159/000233780
http://www.ncbi.nlm.nih.gov/pubmed/2409017
https://doi.org/10.1371/journal.pone.0266458

