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Psychological stress is associated with bladder dysfunction, however, the local bladder
mechanisms affected are not well understood. This study aimed to determine how
psychological stress, caused by social defeat or witness trauma, affects voiding behavior
and bladder function. Pairs of male C57Bl/6J mice were placed in a custom-made
plexiglass chamber with an aggressor ARC(S) mouse for 1 h/day for 10 days. The
social defeat mouse was in physical contact with the aggressor, while the witness
was physically separated but could observe interactions between its cage-mate
and the aggressor. Age matched control pairs were used for comparison. Voiding
analysis was conducted periodically over the 10 days. An ex vivo whole bladder
preparation was used to assess functional changes after the period of stress. Plasma
corticosterone levels were significantly increased by both social defeat and witness
trauma stress when compared to unstressed controls. Voiding analysis revealed a
significant decrease in voiding frequency in the social defeat group compared to control
animals, indicating an altered voiding phenotype. Witness trauma did not alter voiding
behavior. Bladder contractile responses to cholinergic stimulation were not significantly
altered in either stress group, nor was relaxation to the beta-adrenoceptor agonist
isoprenaline. However, nerve evoked contractile responses were significantly increased
at all frequencies in bladders from social defeat but not witness trauma mice. Purinergic
contractile responses were also significantly enhanced in this group. Social defeat also
resulted in increased urothelial acetylcholine release during bladder distension, with
no change in ATP release. In conclusion, functional bladder changes are dependent
upon stressor type. Enhanced urothelial acetylcholine may desensitize bladder sensory
nerves, which, coupled with more efficient voiding contractions due to enhanced nervemediated and purinergic detrusor responses, may account for the altered voiding
phenotype observed. This study reports a male model of social defeat stress with
reduced urinary frequency, with no voiding changes observed in the witness.
Keywords: bladder, psychological stress, social defeat, witness trauma, urinary retention, voiding behavior
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in local bladder physiology and the underlying mechanisms
associated with stress-induced bladder dysfunction are not
fully understood.
Local afferent and efferent systems contribute to maintaining
normal bladder function. During bladder filling, sympathetic
activity relaxes the detrusor muscle via β-adrenoceptor
stimulation, limiting the increase in intravesical pressure.
During voiding, the parasympathetic system initiates
detrusor contraction by co-release of acetylcholine (ACh)
and ATP which act via M3 muscarinic receptors and
P2 × 1 purinoceptors respectively (Sellers et al., 2000;
Burnstock, 2013). The urothelium which lines the bladder
lumen plays an important signaling role, releasing chemical
mediators during the filling phase (Merrill et al., 2016).
These mediators which include ATP and ACh, have been
reported to act on sensory nerve fibers in the sub-urothelium,
the detrusor muscle, as well as having autocrine actions on
the urothelium (Birder et al., 2012). Changes in urothelial
mediator release are implicated in bladder dysfunction
(Kumar et al., 2007; Birder et al., 2012). To date the impact
of psychological stress on these local bladder mechanisms has
not been investigated.
Social stress is a widespread environmental factor that can
affect health and research has shown that experiencing or
witnessing traumatic events can increase the risk of anxiety,
depression and PTSD (Patki et al., 2015). In the traditional
rodent models of physical social stress, the subordination of
one male by a larger and more aggressive male simulates a
socially-induced psychological stressor and leads to depression
and anxiety-like behaviors (Golden et al., 2011). Recent
experimental studies demonstrate a new rodent model that
better distinguishes between physical and emotional social stress
(Sial et al., 2016; Li et al., 2018). Social defeat and witness
trauma stress replicates acute social physical and emotional
stress respectively, and these stresses, when repeated over time,
stimulate chronic stress.
While the social defeat model has previously been used
to investigate changes in bladder function, the effect of
witness trauma on the bladder has not yet been assessed. It
is important to consider the impact of psychological stress
on bladder function beyond the effects on voiding, and
to understand the physiological mechanisms underlying the
bladder dysfunction that are altered by psychological stress.
Therefore, the aim of this study was to investigate the effects
of social defeat and witness trauma on voiding behavior in
mice and investigate accompanying changes in local bladder
function including bladder compliance, contractile responses and
urothelial mediator release.

INTRODUCTION
Psychological stress is known to affect a large portion of society.
It cannot be defined by any one cause and even depends on
a person’s surroundings. Stressors, no matter what severity,
have been documented to promote behavioral and physiological
disturbances (Schneiderman et al., 2005). It has been documented
that psychological stress can impact several visceral functions
with pathological consequences. Previously, stress has been
linked to structural changes in the brain (Sapolsky et al., 1990),
changes to the immune system (Stephens and Gary, 2012) and
dysfunction in the gastrointestinal and cardiovascular systems
(Qin et al., 2014). Bladder dysfunction, such as overactive bladder
(OAB), incontinence and interstitial cystitis are common in the
general population (Teleman et al., 2004) and a body of clinical
evidence exists linking bladder disorders with stress, anxiety
and depression, including witness trauma and post-traumatic
stress disorder (Rothrock et al., 2001; Lai et al., 2015, 2016;
Bradley et al., 2017).
Several observational clinical studies have investigated
the general correlation between bladder pathologies and
psychological stress. Stress appears to greatly influence the
development of bladder symptoms (Bradley et al., 2014) or
worsens symptom severity (Lai et al., 2015). OAB and interstitial
cystitis patients report equivalent high psychological stress
levels, which are significantly higher than healthy controls
(Lai et al., 2015). OAB has been linked to traumatic events
in childhood or adult life, with OAB occurring in 22% of
deployed female veterans (Lai et al., 2015; Bradley et al.,
2017) and a high proportion of adult OAB patients have
reported experiencing childhood sexual trauma (Lai et al.,
2016). Higher levels of psychological stress are also related to
worsening of symptoms, with greater pain and urinary urgency
in patients with interstitial cystitis (Rothrock et al., 2001).
While this information gives an indication of the impact of
psychological stress on the bladder, the mechanisms underlying
this dysfunction remain unclear.
Some research groups have attempted to fill this knowledge
gap using different rodent models of psychological stress,
including water avoidance (Smith et al., 2011; Lee et al., 2015),
immobilization stress (Spanos et al., 1997) and social defeat
(Chang et al., 2009; Wood et al., 2009). Water avoidance
stress caused increased urinary frequency in female rats, which
was associated with increased infiltration and activation of
mast cells and angiogenesis in the bladder (Smith et al.,
2011). In contrast, social defeat in male rodents has been
reported to alter voiding differently, with less frequent voiding
events observed in mice exposed to social defeat (Chang
et al., 2009) and one single large void typically observed
(Mann et al., 2015). This altered voiding behavior in social
defeat mice and rats is referred to in the literature as a
urinary retention phenotype and is associated with bladder wall
hypertrophy, urodynamic changes including increased bladder
capacity and micturition volume, and upregulation of corticotropin releasing factor (CRF) in Barrington’s nucleus neurons
(Wood et al., 2009). While these studies have been successful
in assessing changes in voiding behavior, the precise changes
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MATERIALS AND METHODS
Animal Model
All experimental 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 Animal Ethics Committee. Adult male C57BL/6JArc
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Voiding analysis was used to assess changes in voiding behavior
and was performed as previously described (West et al., 2018)
before the first stress protocol (day 0) and repeated on days
1, 3, 7, and 10 of the stress protocol, before euthanasia.
All voiding pattern analysis was performed in the morning,
beginning at the change-over of the light/dark cycle. Mice
were housed singly in cages lined with Filtech Hardened
Ashless Filter Paper #225 for 4 h with free access to food
and water. The filter paper was collected, and urine spots
detected using a Molecular Imager ChemiDoc XRS ultraviolet
transilluminator (#720BR1293 BioRad, CA, United States).
The papers were photographed, digitized, and analyzed using
Image J software.

to diurnal changes in corticosterone levels. The bladder was
then isolated and a three-way cannula inserted via the urethra,
to enable recording of intravesical pressure in addition to
bladder filling and emptying as previously described (West
et al., 2018), and mounted into a modified tissue bath (8 mL),
containing gassed (95% O2 /5% CO2 ) Krebs bicarbonate solution
(composition in mM: NaCl 118, NaHCO3 24.9, CaCl2 1.9,
MgSO4 1.15, KCl 4.7, KH2 PO4 1.15, and D-glucose 11.7) at 37◦ C.
Intravesical pressure was measured using a pressure transducer
(GlobalTown Microtech) connected to a PC via a PowerLab
data acquisition system (AD Instruments), using LabChart 7
software (AD Instruments).
Following equilibration for 30 min, bladder distensions were
performed by intravesical infusion of isotonic saline at a rate
of 30 µL/min up to a luminal pressure of 40 mmHg to
check viability and compliance, with all further distensions
for experimental purposes to 20 mmHg. The urothelium is
known to play a signaling role, releasing several chemical
mediators in response to distension during bladder filling.
Following distension to 20 mmHg the bladder was drained
via the two-way cannula and intraluminal contents collected
for measurement of the urothelial mediators ATP and ACh.
Samples were immediately frozen on dry ice and stored at
−80◦ C for later assay of ATP and ACh, using the ATP
Determination Kit and Acetylcholine Amplex( ) Red Assay
Kit (Molecular Probes). The assay was performed according
to manufacturer instructions and luminescence or fluorescence
(Ex. 540/Em. 590 nm) measured, using a Modulus micro-plate
reader (Promega).
Following distension to 20 mmHg, bladders were allowed to
equilibrate and electrical field stimulation (EFS) was undertaken.
The bladders were electrically stimulated using 5 s trains of pulses
(50V, 0.5 ms pulse width), delivered every 100 s at 1, 5, 10,
and 20 Hz and contractions were measured as pressure change
from baseline. EFS was repeated at 20 Hz in the presence of
L-NNA (100 µM), followed by addition of atropine (1 µM) and
finally αβ-methylene ATP (10 µM), all of which were added to
the serosal solution. Neurogenic origins of the pressure response
to EFS were confirmed using tetrodotoxin (0.1 µM), which
abolished responses at all frequencies.
Pressure responses to pharmacological agents was also
assessed by serosal addition of αβ-methylene-ATP (10
µM), cumulative carbachol concentrations, and relaxation
to cumulative isoprenaline concentrations. Finally, 60 mM
KCl solution was added, to measure non-receptor mediated
contractile response in the whole bladder. All contractions and
relaxation responses were measured as a change in pressure from
baseline. The maximum duration of whole bladder preparation
experiments was 4 h.

Isolated Whole Bladder Preparation

Data and Statistical Analysis

Mice were euthanized by cervical dislocation 24 h after
the 10th daily stress exposure. A venous blood sample was
taken at the time of euthanasia, and plasma corticosterone
levels quantified using the Corticosterone Competitive ELISA
(Invitrogen) according to the manufacturer’s instructions. Blood
samples were collected in the morning to avoid variation due

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 analyzed using ordinary one-ANOVA
with Dunnett multiple comparisons test or repeated measures
two-way ANOVA with Bonferroni’s multiple comparisons test,

mice (12–14 weeks in age) were used for this study and housed
under environmentally controlled conditions, with 12 h lightdark cycles and access to food and water ab libitum. Animals were
randomly allocated into three experimental groups: Control,
Social Defeat, and Witness.

Social Defeat/Witness Trauma Model
A model of physical (social defeat) and emotional (witness
trauma) social stress was employed using a variation of the
protocols previously described by Sial et al. (2016) and Li
et al. (2018). Male ex-breeder ARC(S) mice were screened for
persistent aggressive behavior and housed individually. Aggressor
mice we used in rotation, so social defeat mice did not encounter
the same aggressor on consecutive days. Male C57Bl/6J mice (12–
14 weeks) were housed in pairs for 3 days prior to and during the
10 days stress protocol, each being randomly allocated to either
the (1) social defeat or (2) witness trauma experimental group.
C57Bl/6J pairs were placed in a custom-made plexiglass chamber
with the aggressor mouse for 1 h/day for 10 days. The social defeat
mouse was in physical contact with the aggressor for a maximum
of 5 min and then separated by a transparent perforated
barrier for 55 min. To minimize risk of wounding, all social
defeat sessions were observed continuously, and the animals
separated if the social defeat mouse exhibited clear submissive
behavior, including submissive posture or freezing. Wounding
but not superficial scratches is associated with innate immune
response (Foertsch et al., 2017) and through observed defeat
sessions no social defeat animals received wounds requiring
their exclusion from the experiment. The witness mouse was
physically separated from the other mice during the stress
protocol by a transparent perforated wall but could observe
interactions between its cage mate and the aggressor. Age
matched control pairs were housed under normal conditions for
the duration of the study.

R

R

Voiding Pattern Analysis

R
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using GraphPad Prism version 6 software (GraphPad, San
Diego, CA, United States). Significance levels were defined
as P < 0.05 (∗ ).

Bladder compliance was not significantly altered in social
defeat or witness mice when compared to controls, with no
change in volume-pressure relationships during bladder filling
observed (Figure 1B). A concentration dependent increase in
intravesical pressure was observed upon addition of carbachol
to bladders from all groups (Figure 2A). This response was
not significantly affected by stress (Figure 2A and Table 1),
nor was the contractile response to KCl (Figure 2D). However,
stimulation of purinergic receptors with αβ-methylene-ATP
(10 µM) produced a significantly greater pressure response in
bladders from social defeat mice compared to control (p = 0.007)
(Figure 2B). This change was not evident in the witness group.
Relaxation to isoprenaline following carbachol pre-contraction
was not significantly affected by social defeat or witness stress
with no change in maximal response or pIC50 evident (Figure 2C
and Table 1).
Electric field stimulation (EFS) was used to determine if social
defeat or witness trauma affected efferent nerve-mediate bladder
contraction. EFS produced a frequency-dependent increase in
intravesical pressure in all bladders, with the response to EFS
being significantly enhanced at 5, 10, and 20 Hz (p = 0.004,
p = 0.001, p = 0.0001 respectively) in the social defeat group
when compared to control (Figure 3A). However, witness trauma
did not change responses to EFS. To determine the relative
contribution of ACh and ATP to nerve evoked contractions,
muscarinic and purinergic receptors were antagonized and
desensitized using atropine and αβ-mATP respectively. Atropine
significantly reduced the response to EFS by 45.9 ± 5.77%
in bladders from control mice (p = 0.023) (Figure 3B), with
a significantly smaller muscarinic component evident in the
social defeat group, with a decrease of 22.7 ± 5.61% observed
(p = 0.033). Desensitization of purinergic receptors produced
a further reduction in the nerve-evoked bladder response in
all groups, and this was greatest in bladders from social defeat
mice (57.2 ± 8.93%) compared to in controls (39.8 ± 6.66%)
(Figure 3B). The muscarinic and purinergic contributions to
nerve-mediated contraction were similar in the witness and
control groups (data not shown). The presence of the nitric oxide
synthase inhibitor L-NNA (100 µM) did not alter responses to
EFS in any of the experimental groups.

RESULTS
Effects of Psychological Stress on
Animal Parameters and Voiding Behavior
Animal body weight and water consumption were measured
on days 0 (baseline data – Table 1) and on 1, 3, 5, 7, and
10 days following first stress exposure. These parameters were
unchanged throughout the stress protocol with neither the social
defeat nor witness trauma significantly affecting body weight or
water consumption (data not shown). There was no significant
difference in bladder weight between the control, social defeat or
witness groups (Table 1). A blood sample was taken at the time
of euthanasia for analysis of plasma corticosterone. There was a
significant increase in plasma corticosterone from 24.9 ± 1.93
ng/mL in control mice to 54.7 ± 4.87 ng/mL in social defeat
(p = 0.0001) and 44.86 ± 4.66 ng/mL in witness mice (p = 0.0037)
(Figure 1A), indicating that a hormonal stress response was
present in both stress groups.
Voiding behavior was assessed in all three experimental
groups. There was no significant change in total voided urine over
time or between stress and control groups, indicating that the
rate of urine production was not affected by 10 days social defeat
or witness trauma (Figure 1C). However, social defeat resulted
in a significant decrease in urinary frequency (Figure 1D),
with a significant change evident following 3 (p = 0.027) and
7 days (p = 0.019) stress exposure, a change that was not
observed in the witness group. The absence of changes in water
consumption and total voided volume indicate that this an actual
change in urinary frequency and does not reflect reduced urine
production. Effects of psychological stress on bladder compliance
and contractile responses.

TABLE 1 | Baseline animal parameters and whole bladder responses to carbachol
and isoprenaline (% of pre-contraction) in control, social defeat and witness mice.
Control

Social defeat

Witness

Effects of Psychological Stress on
Intraluminal Release of ATP and ACh

Animal Parameters
Body weight (g)

26.3 ± 0.67

26.7 ± 0.68

26.3 ± 1.04

Bladder weight (mg)

22.3 ± 1.18

21.5 ± 0.49

22.96 ± 0.41

Water consumption (g)

0.64 ± 0.19

0.79 ± 0.23

0.98 ± 0.66

Samples of intraluminal fluid were collected from isolated whole
bladders distended to 20 mmHg and analyzed to quantify total
release of the urothelial mediators ATP and Ach to determine
if changes in their release contributed to stress induced bladder
dysfunction. Total ACh release was greater than total ATP release
in all groups (Figure 4), which is consistent with previous
reports (West et al., 2018). Total intraluminal ATP was similar
in all experimental groups and was not affected by either
stress exposure (Figure 4A). However, total release of ACh into
the bladder lumen was enhanced in the social defeat group
(1.13 ± 0.16 nmoles) when compared to controls (0.73 ± 0.17
nmoles), although this change did not meet statistical significance
(p = 0.05) (Figure 4B).

Whole Bladder Responses
Carbachol
pEC50
Maximal response
(mmHg)

6.19 ± 0.08

6.04 ± 0.10

6.01 ± 0.09

44.0 ± 2.19

39.08 ± 2.36

45.35 ± 2.97

6.65 ± 0.18

6.73 ± 0.31

6.65 ± 0.17

−4.82 ± 6.78

11.8 ± 8.88

7.13 ± 6.24

Isoprenaline
pIC50
Maximal response (% of
pre-contraction remaining)

Data is presented as mean ± S.E.M. (n = 6) analyzed using one-way ANOVA with
Dunnett multiple comparisons test.
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FIGURE 1 | (A) Plasma corticosterone levels, (B) bladder volume-pressure relationship, (C) total voided area, and (D) urinary frequency (no. of voids over 4 h period)
in control, social defeat and witness mice. Data represents mean ± S.E.M. (n = 6) and was analyzed using one-way ANOVA (A) or two-way ANOVA with Bonferroni
multiple comparisons test (A–D) (*p < 0.05, **p < 0.01, and ***p < 0.001 vs. control).

voiding, bladder mass and bladder wall thickness compared
to controls. A recent study, that explored how social support
affects stress-induced changes in social behavior produced by
the social defeat/witness trauma paradigm used here, found
that the social support provided by paired housing following
stress exposure had protective effects in the witness but not
in social defeat mice (Li et al., 2018). This may explain why
despite similar changes in plasma corticosterone, no voiding
changes were evident in the witness group. The benefits of
social support reported by Li et al. (2018) was however in
adolescent mice; this as yet has not been assessed in adult
mice like those used in the present study and is worthy of
future investigation.
In addition to stressor-specific differences seen in the present
study, sex differences in psychological stress-induced bladder
dysfunction and brain responses have previously been reported.
A recent study identified consistent sex-specific differences in the
brain responses to trauma in male and female rats using two
models of post-traumatic stress disorder (Pooley et al., 2018).
We found a significant increase in voiding frequency in female
mice following water avoidance stress (West et al., 2019), an
effect that has also been reported in female rats (Smith et al.,
2011). however McGonagle et al. (2012) reported a decrease in

DISCUSSION
There is abundant clinical evidence that psychological stress
affects bladder function and is associated with bladder
pathologies. Currently, there is a lack of understanding of
the physiological changes within the bladder due to ongoing
psychological stress. This study employed a novel paired
animal model of physical and emotional social stress to
determine if social defeat and witness trauma impact the bladder
in the same way.
Exposure to physical or emotional stress produced a similar
hormonal stress response in both groups, confirming that the
mice used in this study were stressed when compared to controls.
This is consistent with other experimental studies which assessed
corticosterone levels in the social defeat model (Mann et al.,
2015), as well as paired social defeat/witness trauma model (Sial
et al., 2016; Li et al., 2018). Interestingly, while social defeat
resulted in reduced urinary frequency, which supports previous
reports of voiding dysfunction in this model (Chang et al.,
2009; Mann et al., 2015), voiding was not altered in witness
trauma mice despite a similar hormonal stress response. Mann
et al. (2015) similarly found that like witness trauma, chronic
restraint stress did not alter bladder function, with similar

Frontiers in Physiology | www.frontiersin.org
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FIGURE 2 | Isolated whole bladder responses to (A) the muscarinic agonist carbachol, (B) the purinergic agonist αβ-mATP (10 µM), (C) the beta-adrenoceptor
agonist isoprenaline and (D) KCl (60 mM). Data represents mean ± S.E.M. (n = 6) and was analyzed using non-linear regression curve fit analysis (A,C) or one-way
ANOVA with Dunnett’s multiple comparisons test (B,D) (**p < 0.01 vs. control).

FIGURE 3 | (A) Nerve-evoked pressure response of isolated whole bladders from control, social defeat and witness mice at 1, 5, 10, and 20 Hz. (B) Nerve-mediated
contractions to EFS at 20 Hz in isolated whole bladders from control mice in the presence of L-NNA (100 µM), atropine (1 µM) and α,β-methylene-ATP (10 µM).
Responses were recorded as change in pressure from baseline. Data are presented as mean ± S.E.M. (n = 6). Data analyzed using (A) two-way ANOVA with
Bonferroni multiple comparisons test or (B) one-way ANOVA with Dunnett multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001 vs. control).

voiding frequency in male mice following water avoidance stress,
similar to the changes observed in the current study in male mice
following social defeat.

Frontiers in Physiology | www.frontiersin.org

To investigate the local bladder mechanisms that may
contribute to the altered voiding phenotype in social defeat
mice, bladder compliance, contractile response and release
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of urothelial signaling mediators were assessed using an
ex vivo whole-bladder preparation. Contractile responses to
muscarinic (carbachol) and receptor-independent (KCl) detrusor
stimulation, as well as beta-adrenoceptor mediated bladder
relaxation were not affected by stress. However, stimulation
of purinergic receptors with αβmethylene-ATP produced a
significantly greater pressure response in bladders from social
defeat mice, suggesting that changes to the purinergic system may
contribute to the altered voiding behavior observed. Similarly,
nerve mediated bladder responses to EFS were increased at
all frequencies in the social defeat group. This indicates that
with social defeat stress, an increased intravesical pressure
generated during voiding contractions likely contributed to the
larger void size observed in social defeat mice. The reason
for this is not entirely clear, however, from the response
to αβmethylene-ATP we see that there is an enhancement
of the purinergic component of the bladder. Research has
shown that within the lower urinary tract of rodents there
is co-transmission of ACh and ATP from efferent nerves
(Burnstock, 2013). As there was no change to the cholinergic
responses of the bladder, and EFS results indicate that
the contribution of ACh to nerve-evoked contraction is
significantly decreased, it appears that the upregulation of
the purinergic component plays a role in bladder changes
caused by social defeat. Purinergic signaling is involved in a
number of physiological and pathophysiological events of the
lower urinary tract, and research has shown that purinergic
responses are often increased in diseased states such as interstitial
cystitis and bladder pain syndrome (Knight et al., 2002;
Burnstock, 2013).
Release of signaling molecules from the urothelium plays
an important role in normal bladder function, and changes
in release have been linked to lower urinary tract dysfunction
(Merrill et al., 2016). As the bladder fills, stretch of the
urothelium elicits release of ATP and ACh. ATP acts on
purinergic receptors on low threshold sensory fibers in
the suburothelium to initiate the micturition reflex and
can give rise to perceptions of pain in bladder pathologies
(Kumar et al., 2007). The role of urothelial Ach is still
being identified, but it has been reported in influence
sensory nerve activity, stimulate release of urothelial derived
inhibitory factor to inhibit detrusor contraction, and stimulate
urothelial contraction and pacemaker activity (Hawthorn
et al., 2000; Templeman et al., 2002; Akino et al., 2008;
Daly et al., 2010; Moro et al., 2011). While ATP levels
were unchanged in the present study, release of ACh into
the bladder lumen during filling was 55% greater in social
defeat animals compared to controls. Although the role of
urothelial ACh is not yet fully understood, stimulation of
muscarinic receptors in bladder sensory nerves has been
reported to depress sensory transduction (Daly et al., 2010).
When we consider that bladder compliance was unchanged
in social defeat mice, depression of sensory afferent fibers
by enhanced urothelial ACh may explain the decrease in
urinary frequency that occurs with social defeat, allowing
a larger urine volume to be accommodated before afferent
nerves are activated.

Frontiers in Physiology | www.frontiersin.org

FIGURE 4 | Intraluminal release of (A) ATP and (B) ACh from isolated
bladders from control, social defeat and witness mice in response to
distension to 20 mmHg. Data are presented as mean ± S.E.M. (n ≥ 5) and
were analyzed using one-way ANOVA with Dunnett multiple comparisons test.

While the current study focused on changes to local bladder
mechanisms involved in the control of bladder filling and
voiding, other research has previously investigated the impact
of social defeat on the pontine micturition center, also referred
to as Barrington’s nucleus, which regulates the micturition
reflex (Wood et al., 2009, 2013). The stress-related neuropeptide
corticotropin-releasing factor (CRF) has been shown to be
present in spinal projections of Barrington’s nucleus and is
an inhibitory neuromodulator of the micturition pathway
(Pavcovich and Valentino, 1995). Social defeat stress has been
reported to increase the number of CRF immunoreactive
neurons in Barrington’s nucleus (Wood et al., 2009), with
administration of a CRF1 antagonist to social defeat mice
restoring urodynamic function without affecting CRF expression
in the control center (Wood et al., 2013). CRF is also distributed
in visceral organs including the bladder, with serum and bladder
CRF expression also increased by psychological stress in rats
(Seki et al., 2019). This suggests that central, as well as local
bladder changes, contribute to alterations in voiding behavior
with social defeat.
The results presented here indicate that psychological stress
affects bladder function, but this effect is dependent on stressor
type. A decrease in bladder afferent sensitivity due to enhanced
urothelial ACh release, coupled with more efficient nerve-evoked
voiding contractions, due to enhanced purinergic responses, may
contribute to the decrease in urinary frequency and increased
void size observed here in social defeat mice. In conclusion,
stress induced functional bladder changes are dependent on
stressor type, with no voiding changes observed in the witness
trauma model.

DATA AVAILABILITY STATEMENT
The datasets generated for this study are available on request to
the corresponding author.

7

March 2020 | Volume 11 | Article 247

West et al.

Stressor Specific Bladder Dysfunction

The animal study was reviewed and approved by the University
of Queensland Animal Ethics Committee.

and interpretation, and drafting the manuscript. EW and
CM were responsible for statistical analysis. All authors
contributed to manuscript revision, read and approved the
submitted version.

AUTHOR CONTRIBUTIONS

FUNDING

DS, RC-W, and CM contributed to conception and design
of the study, interpretation of results, and manuscript
revisions. EW was responsible for data acquisition, analysis,

This work was supported with funding from the Australian
Bladder Foundation managed by the Continence Foundation
of Australia.

REFERENCES

Li, M., Xu, H., and Wang, W. (2018). An improved model of physical and
emotional social defeat: different effects on social behavior and body weight
of adolescent mice by interaction with social support. Front. Psychiatry 9:688.
doi: 10.3389/fpsyt.2018.00688
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
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
Merrill, L., Gonzalez, E. J., Girard, B. M., and Vizzard, M. A. (2016). Receptors,
channels, and signalling in the urothelial sensory system in the bladder. Nat.
Rev. Urol. 13, 193–204. doi: 10.1038/nrurol.2016.13
Moro, C., Uchiyama, J., and Chess-Williams, R. (2011). Urothelial/lamina propria
spontaneous activity and the role of M3 muscarinic receptors in mediating
rate responses to stretch and carbachol. Urology 78, 1442.E9–1442.E15. doi:
10.1016/j.urology.2011.08.039
Patki, G., Salvi, A., Liu, H., and Salim, S. (2015). Witnessing traumatic events and
post-traumatic stress disorder: insights from an animal model. Neurosci. Lett.
600, 28–32. doi: 10.1016/j.neulet.2015.05.060
Pavcovich, L. A., and Valentino, R. J. (1995). Central regulation of micturition in the
rat the corticotropin-releasing hormone from Barrington’s nucleus. Neurosci.
Lett. 196, 185–188. doi: 10.1016/0304-3940(95)11873-u
Pooley, A. E., Benjamin, R. C., Sreedhar, S., Eagle, A. L., Robison, A. J., MazeiRobison, M. S., et al. (2018). Sex differences in the traumatic stress response:
PTSD symptoms in women recapitulated in female rats. Biol. Sex Differ. 9:31.
doi: 10.1186/s13293-018-0191-9
Qin, H. Y., Cheng, C. W., Tang, X. D., and Bian, Z. X. (2014). Impact of
psychological stress on irritable bowel syndrome. World J. Gastroenterol. 20,
14126–14131. doi: 10.3748/wjg.v20.i39.14126
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. doi: 10.1016/s0090-4295(00)00
988-2
Sapolsky, R. M., Uno, H., Rebert, C. S., and Finch, C. E. (1990). Hippocampal
damage associated with prolonged glucocorticoid exposure in primates.
J. Neurosci. 10, 2897–2902.
doi: 10.1523/jneurosci.10-09-02897.
1990
Schneiderman, N., Ironson, G., and Siegel, S. D. (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.
Sellers, D. J., Yamanishi, T., Chapple, C. R., Couldwell, C., Yasuda, K., and ChessWilliams, R. (2000). M3 muscarinic receptors but not M2 mediate contraction
of the porcine detrusor muscle in vitro. J. Auton. Pharmacol. 20, 171–176.
doi: 10.1046/j.1365-2680.2000.00181.x
Sial, O. K., Warren, B. L., Alcantara, L. F., Parise, E. M., and Bolanos-Guzman,
C. A. (2016). Vicarious social defeat stress: bridging the gap between physical
and emotional stress. J. Neurosci. Methods 258, 94–103. doi: 10.1016/j.jneumeth.
2015.10.012

ETHICS STATEMENT

Akino, H., Chapple, C. R., McKay, N., Cross, R. L., Murakami, S., Yokoyama, O.,
et al. (2008). Spontaneous contractions of the pig urinary bladder: the effect
of ATP-sensitive potassium channels and the role of the mucosa. BJU Int. 102,
1168–1174. doi: 10.1111/j.1464-410X.2008.07782.x
Birder, L. A., Ruggieri, M., Takeda, M., van Koeveringe, G., Veltkamp, S., Korstanje,
C., et al. (2012). How does the urothelium affect bladder function in health
and disease? ICI-RS 2011. Neurourol. Urodyn. 31, 293–299. doi: 10.1002/nau.
22195
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.e1–430.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
Burnstock, G. (2013). Purinergic signalling in the urinary tract in health and
disease. Purinergic Signal. 10, 103–155. doi: 10.1007/s11302-013-9395-y
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
Daly, D. M., Chess-Williams, R., Chapple, C., and Grundy, D. (2010). The
inhibitory role of acetylcholine and muscarinic receptors in bladder afferent
activity. Eur. Urol. 58, 22–28; discussion 31–22. doi: 10.1016/j.eururo.2009.12.
030
Foertsch, S., Fuchsl, A. M., Faller, S. D., Holzer, H., Langgartner, D., Messmann,
J., et al. (2017). Splenic glucocorticoid resistance following psychosocial stress
requires physical injury. Sci. Rep. 7:15730. doi: 10.1038/s41598-017-15897-2
Golden, S. A., Covington, H. E. III, Berton, O., and Russo, S. J. (2011). A
standardized protocol for repeated social defeat stress in mice. Nat. Protoc. 6,
1183–1191. doi: 10.1038/nprot.2011.361
Hawthorn, M. H., Chapple, C. R., Cock, M., and Chess-Williams, R. (2000).
Urothelium-derived inhibitory factor(s) influences on detrusor muscle
contractility in vitro. Br. J. Pharmacol. 129, 416–419. doi: 10.1038/sj.bjp.
0703068
Knight, G. E., Bodin, P., De Groat, W. C., and Burnstock, G. (2002). ATP is
released from guinea pig ureter epithelium on distension. Am. J. Physiol. 282,
F281–F288.
Kumar, V., Chapple, C. R., Surprenant, A. M., and Chess-Williams, R. (2007).
Enhanced adenosine triphosphate release from the urothelium of patients with
painful bladder syndrome: a possible pathophysiological explanation. J. Urol.
178, 1533–1536. doi: 10.1016/j.juro.2007.05.116
Lai, H., Gardner, V., Vetter, J., and Andriole, G. L. (2015). 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. H., Morgan, C. D., Vetter, J., and Andriole, G. L. (2016). Impact of childhood
and recent traumatic events on the clinical presentation of overactive bladder.
Neurourol. Urodyn. 35, 1017–1023. doi: 10.1002/nau.22872
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

Frontiers in Physiology | www.frontiersin.org

8

March 2020 | Volume 11 | Article 247

West et al.

Stressor Specific Bladder Dysfunction

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, e961–e967. doi: 10.1016/j.urology.2011.06.041
Spanos, C., Pang, X., Ligris, K., Letourneau, R., Alferes, L., Alexacos, N., et al.
(1997). Stress-induced bladder mast cell activation: implications for interstitial
cystitis. J. Urol. 157, 669–672. doi: 10.1016/s0022-5347(01)65247-9
Stephens, M. A. C. W., and Gary, W. (2012). Stress and the HPA Axis: role of
glucocorticoids in alcohol dependence. Alcohol Res. Curr. Rev. 34, 468–483.
Teleman, P. M., Lidfeldt, J., Nerbrand, C., Samsioe, G., Mattiasson, A., and group,
W. s (2004). Overactive bladder: prevalence, risk factors and relation to stress
incontinence in middle-aged women. BJOG 111, 600–604. doi: 10.1111/j.14710528.2004.00137.x
Templeman, L., Chapple, C. R., and Chess-Williams, R. (2002). Urothelium derived
inhibitory factor and cross-talk among receptors in the trigone of the bladder of
the pig. J. Urol. 167, 742–745. doi: 10.1097/00005392-200202000-00076
West, E. G., Chess-Williams, R., Sellers, D., and McDermott, C. (2019).
Psychological stress and recovery: compensation to overcome bladder
overactivity in mice. Aust. N. Z. Continence J. 25, 93–94.
West, E. G., Lang, R., Sellers, D., Chess-Williams, R., and McDermott,
C. (2018). Ibuprofen decreases spontaneous activity and enhances nerveevoked contractions to minimize mitomycin C-induced bladder dysfunction.
J. Pharmacol. Exp. Ther. 366, 282–290. doi: 10.1124/jpet.118.248989

Frontiers in Physiology | www.frontiersin.org

Wood, S. K., Baez, M. A., Bhatnagar, S., and Valentino, R. J. (2009). Social stressinduced 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., 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
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.
Copyright © 2020 West, Sellers, Chess-Williams and McDermott. This is an openaccess 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.

9

March 2020 | Volume 11 | Article 247

