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This report describes methodological and exploratory investigations of the

zymosan-induced neonatal bladder inflammation (NBI) model of interstitial

cystitis/bladder pain syndrome (IC/BPS) in female rats. These results validate and

extend the currently employed model by evaluating critical timepoints for obtaining

treatment effects and identified that a second insult as an adult including repeat

intravesical zymosan, intravesical lipopolysaccharide, acute footshock stress,

neuropathic nociception (facial) or somatic inflammation (hindpaw) all resulted in

magnified visceromotor responses to urinary bladder distension (UBD) in rats which had

experienced NBI when compared with their controls. NBI also resulted in increased tone

and reactivity of pelvic floor musculature to UBD, as well as increased responsiveness

to intravesical potassium chloride solutions, abnormal anxiety measures (elevated plus

maze) and an increased number of submucosal petechial hemorrhages following 30min

of hydrodistension of the bladder. These phenotypic findings have correlates to the

clinical features of IC/BPS in humans and so support use of this model system to

examine mechanisms of and treatments for IC/BPS.

Keywords: bladder-physiopathology, hypersensitivity, neonatal-methods, interstitial cystitis (IC)/bladder pain

syndrome (BPS), visceromotor

INTRODUCTION

Preclinical models are used to trial potentially effective therapies for painful disorders and
to probe mechanisms of these disorders. The best models are those that have the same
clinical features as the disorder in humans. A recent scientific panel of the NIH-sponsored
multicenter Multidisciplinary Approach to Chronic Pelvic Pain (MAPP) Network (1) identified
that non-human animal models of the disorder interstitial cystitis/bladder pain syndrome (IC/BPS)
needed to have features of that disorder which included (1) nociception to bladder distension,
(2) pelvic nociception and (3) urinary frequency. Since our first report of the neonatal bladder
inflammation (NBI) model in 2006 (2) we have been using a “double insult” pretreatment to evoke
robust nociceptive responses to urinary bladder distension (UBD). The first insult we utilized
consisted of bladder inflammation experienced by rat pups on postnatal days 14-16 (P14-16) which
was produced by the intravesical administration of the yeast cell wall component zymosan. The
second insult in this model was produced by re-inflammation of the bladder using intravesical
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zymosan as an adult (age 12–15 weeks) 24 h prior to testing.
Using this model with its fixed methodological parameters,
we and others have reported that these pretreatments result
in an increased vigor of cardiovascular and visceromotor
responses (VMRs; abdominal contractions) to UBD, an increase
in spontaneous micturition, reduced volume/pressure thresholds
for evoking a micturition response in cystometric studies,
increased neuropeptide content in the bladder, increased
cold sensitivity of the bladder, altered analgesic responses to
opioid agonists, altered responsiveness to neuromodulatory
manipulations, altered spinal neuronal responses to visceral
stimuli and altered GABA-A, KCC2 and VGAT mRNA
expression [(3–8); Ness et al., 2021; (2, 9–15)].

In our publications, we have used the term “Neonatal Bladder
Inflammation” for this model system following the convention
of others [e.g., (16–18)] but recognize that more generic terms
such as “Early-in-Life Bladder Inflammation” or “Childhood
Bladder Inflammation” may be more appropriate since precise
correlates between human and rats in terms of years/days and
what constitutes the neonatal period is a matter of debate (19).
For purposes of this manuscript, and to be consistent with
previous reports, we will generally use the term NBI.

Despite the extensive nature of our previous studies,
additional methodological and exploratory questions are
still worth addressing. Therefore, the present studies re-
examined the zymosan-induced NBI model by performing
methodological investigations related to the timing and duration
of bladder inflammation required to produce hypersensitivity
and determined whether this model was also associated with
other stimuli and responses associated with urological and non-
urological sensations. To improve clarity of presentation, these
studies will be arranged according to individual questions which
are then addressed by separate Background, Methods, Results
and Summary subsections. This presentation of individual points
will then be followed by a more global discussion of the overall
model system.

QUESTION #1: IS P14-16 THE OPTIMAL
TIMEPOINT FOR THE FIRST INSULT?

Background
Our original studies were designed based on the report by Al-
Chaer et al. (18) of their model of irritable bowel syndrome where
they administered 2 weeks of colorectal stimulation beginning
at postnatal day 8 (P8). It was immediately apparent that our
rat pups could not survive more than 3 days of treatment
starting at P8 and so the period of treatment was shortened
to the middle of our planned time period, on days P14-16.
We have reported that similar bladder inflammation treatments
administered at P28-30 (2) or P90-92 (4) did not lead to
augmented responses as adults. Those studies gave evidence that
there exists a critical developmental period where inflammatory
events may alter subsequent sensory processing. The present
study chose to narrow down the period of time where NBI
treatments might be effective at producing augmented responses

as adults by comparing effects produced by NBI given on P7-
9, P14-16 or P21-23. VMRs to UBD and spontaneous rates of
micturition were both examined.

Methods
General
All studies were performed in female Sprague-Dawley rats and
were approved by the University of Alabama at Birmingham’s
Institutional Animal Care and Use Committee. Use of exclusively
female rats in this model system was based primarily on the
practical issue that cannulation of the urethras of male rats, in our
hands, was difficult and often led to local tissue trauma whereas
cannulation of the urethras of females was easily performed.
There is also the epidemiological justification that painful bladder
disorders occur predominantly in females (20) and so, if only
one sex were to be studied, it would best be females. To obtain
female rat pups, timed pregnant females were obtained from
Harlan/Envigo Laboratories (Sprattville, AL) and date of birth
verified by daily observation of cages. On a defined postnatal
day [P7, P14 or P21] pups were sexed and the male rats culled
such that the female rats of these studies were sequestered from
subsequent exposure to male rats. As pups, separate groups of the
female pups underwent treatments for three consecutive days:
P7-9, P14-16 or P21-23. Following each treatment, pups were
returned to home cages. Subsequently, rats were raised using
standard husbandry methods with weaning from the dams at 3
to 4 weeks of age. All rats were raised to 12-15 weeks of age and
then underwent additional testing.

Neonatal Treatments
All rats underwent one of two treatments on either days P7-9,
P14-16 or P21-23. In the NBI group, rat pups were anesthetized
with 2–5% isoflurane in oxygen, injected with ampicillin (50–
100 mg/kg s.c.), their urethral orifice swabbed with an iodine-
povidone solution and a 24 gauge angiocatheter (or PE10 tubing
for P7-9 rats) passed transurethrally into their bladder. A solution
of Zymosan A (1% in normal saline; 0.05ml; Sigma Aldrich, St.
Louis, MO) was injected into the bladder and allowed to dwell
for 30min. Pups were kept warm on a heating blanket, allowed
to recover and returned to their mothers. Control treatments
for NBI (labeled as Anesth-) consisted of a similar anesthetic
for 30min, iodine-povidone swabbing, ampicillin treatments
and identical recovery protocols. Cannulation of the urethra
and/or administration of intravesical saline was not included in
control treatments due to the potential for producing unintended
inflammation of the bladder through direct physical interaction.
Notably, our initial studies of the NBI model did not observe
quantitative differences between intravesical saline-treated rats
and those which underwent the control treatments described
here (2).

Voiding Spot Assay
As adults (12–15 weeks of age) and prior to any other treatments,
female rats which had received Neonatal Treatments (preceding
section) but no adult treatments were placed in a 20 x 50 cm
plastic cage for 6 h beginning at 8:00 AM. The cage had a piece
of filter paper [Whatman Filter Paper, Grade 2] covering the
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flooring. After this session the filter paper was allowed to dry and
then examined by an observer blinded to group using ultraviolet
light to identify the number of individual urine spots, each
indicating a voiding episode.

Adult Bladder Inflammation
Similar to the Neonatal Treatments noted above, but as adults
(12–15 weeks of age), female rats were anesthetized with 2–5%
isoflurane in oxygen, injected with ampicillin (50–100 mg/kg
s.c.), their urethral orifice swabbed with an iodine-povidone
solution and a 22 gauge angiocatheter passed transurethrally
into their bladder. A solution of Zymosan A (1% in normal
saline; 0.5ml; Sigma Aldrich, St. Louis, MO) was injected into
the bladder and allowed to dwell for 30min. Rats were kept
warm on a heating blanket, allowed to recover and returned to
their home cages. Control adult treatments (labeled -Anesth)
consisted of a similar anesthetic for 30min, iodine-povidone
swabbing, ampicillin treatments and identical recovery protocols.
ABI/Anesth treatments occurred only once and were performed
approximately 24 h prior to VMR testing described below.

Visceromotor Response (VMR) Measures
Adult rats were anesthetized with 2–5% isoflurane, and a 22
gauge angiocatheter was placed transurethrally into the bladder
and held in place by a tight suture around the distal urethral
orifice. Silver wire electrodes were placed in the external oblique
musculature immediately superior to the inguinal ligament.
Isoflurane was then lowered until flexion reflexes were present
(approximately 1% isoflurane). UBDs (20 s, 10–60mm Hg) were
produced using compressed air, and intravesical pressure was
monitored using an in-line pressure transducer. Contraction of
the abdominal musculature in response to UBD has been well
characterized (21–23) and was quantified as electromyographic
(EMG) activity measured via the external oblique electrodes
using standard differential amplification (Grass, Inc. P511 AC
amplifiers; 50 x amplification, 60Hz clipping, low filter setting
10 Hz–high filter setting 3KHz). The analog EMG signal
was digitized with a sampling rate of 10KHz and saved on
computer with digital rectification via software (Spike 4 software;
Cambridge Electronic Design Limited, Cambridge, UK) allowing
for calculation of mean EMG activity (in mV) during any
defined time period. Responses to UBD were quantified as the
mean rectified EMG activity during the 20 s of UBD minus the
“basal” mean EMG activity measured during the time period
immediately preceding UBD. Notably, for each data set the same
amplifier and filter settings were used for all rats. Typically,
three repeated 20 s duration UBDs at 60mm Hg intensity
were presented at 3min intervals and then followed by the
measurement of responses to graded constant pressure stimuli
(10–60 mmHg, 20 s, 1min intertrial intervals).

Quantitative Analysis
In this, as well as subsequent sections of this manuscript, data will
be reported as means ± SEM unless otherwise stated. The vigor
of VMRs will be expressed as “Visceromotor Response” defined
as increases in mean EMG activity during the 20 s period of UBD
over the immediate prestimulus level of activity. Logistically,

during each experimental run, the differential amplifier output is
digitized and rectified by computer software (Spike 2, Cambridge
Electronic Design, Inc., Cambridge UK) to positive values, which
are then averaged over a period of time to give a mean voltage
measure of amplified EMG activity. Measures of evoked activity
were then treated as discrete data points and analyzed using a
RepeatedMeasures ANOVA. In addition, when utilizingmultiple
different intensities of UBD, a stimulus-response function was
generated which was then associated with an Area-Under-the-
Curve statistic (AUC measure). A demonstration of this analysis,
as well as a graphical description of the experimental apparatus
related to VMRs is presented in Figure 1. Notably, an analysis
of AUCs (generated from individual stimulus-response functions
for each animal) as well as each animal’s discrete response to
a 60mm Hg, 20 s UBD stimulus were pooled for analysis from
the multiple groups of control data in the present study (i.e.,
rats that only received anesthesia treatments as pups and no
active interventions as adults–e.g., saline injection to hindpaw,
sham surgery, only anesthesia, etc.). The original generation of
these data utilized the same amplifier and processing settings
and subsequent analysis demonstrated that these statistics were
normally distributed (Figure 2). Specifically, the data associated
with the discrete VMRs to a 60mm Hg, 20 UBD generated a
Shapiro-Francia statistic of W’ = 0.9527, an Anderson-Darling
statistic of W= 1.2049 and a Kolmogorov-Smirnov Test statistic
D= 0.11341. Similarly, the data of AUCmeasures for these same
rats was the following: Shapiro-Francia W’ = 0.9138; Anderson-
Darling W = 1.7073; Kolmogorov-Smirnov D = 0.10303. These
statistics all justify use of parametric statistical analyses. Notably,
use of the AUC statistics allowed for an easily interpretable
visualization of the overall effect of the interventions (e.g., 4
bar graphs for 2 x 2 conditions of NBI/ABI as opposed to 24
separate data points for 6 intensities of UBD in a 2 x 2 condition)
while generating the same probability statistic as a more complex
analysis (e.g., a one-way ANOVA comparison of the AUCs for
different conditions generates a probability estimate identical to
that of an overall repeated measures ANOVA comparing data
related to multiple conditions and multiple intensities of UBD.
For this reason, the statistics associated with the simpler AUC
data analysis are presented unless stated otherwise.

Results
Voiding Episodes Are More Numerous in Rats Treated

With Zymosan on P14-16 and P21-23
Data described in Table 1 (number of subjects for each
condition/timepoint, number of voids) indicate the Total
Number of Voids measured in adult female rats treated with
intravesical zymosan on either days P14-16 or P21-23 was
statistically greater than the Total Number of Voids in their
corresponding neonatal Anesth- control groups which did not
experience bladder inflammation (p = 0.003 for P14-16 groups;
p = 0.015 for P21-23 groups; unpaired t-test comparisons).
Rats experiencing zymosan-induced NBI on days P7–9 were not
statistically different than their corresponding neonatal Anesth-
control rats (p = 0.275; unpaired t-test comparison). A more
sophisticated analysis of void spots (e.g., size of each spot which
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FIGURE 1 | Description of Experimental Setup and Quantitiatve Analysis. (A) is a graphical illustration of the equipment and animal resources used for the generation

of visceromotor responses to urinary bladder distension (UBD). Air is used to distend the bladder via a transurethral intravesical catheter. Responses are measured as

electromyograms (EMG) of the superior oblique abdominal musculature. An example of a digitized EMG before and during UBD at an intensity/duration of 60mm

Hg/20 secs is given in (B) as well as its rectified transformation (all negative values made into positive values of equal intensity). These EMG responses were then

quantified as the difference between the mean voltages of EMG activity before and during the 20 s of UBD (C) to generate a discrete data point that was part of an

overall Stimulus-Response Function (D) characterizing the individual rat’s visceromotor responses to graded UBD. An Area-Under-the-Curve (AUC) statistic related to

the Stimulus-Response Function could then be generated which was representative of the overall vigor of the visceromotor responses.

FIGURE 2 | Normal Distribution of Data. Distribution of data from the “control” (n = 86) rats in the present study for vigor of visceromotor responses to a 60mm Hg,

20 s UBD (disrete stiumulus data; left panel) and for the Area-Under-the-Curve measures (overall responses; right panel) to graded UBD. These rats did not experience

NBI as pups or any second insult as adults. Both data sets met tests of normality (more explanation and statistics in main text).
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TABLE 1 | Voiding spot assay measures in adults female rats which received

Early-In-Life (EIL) bladder treatments.

Treatment Group n Number of Voids

P7-9 Zymosan 32 10.8 ± 1.2

P14-16 Zymosan 16 19.4 ± 2.0**

P21-23 Zymosan 14 17.9 ± 2.5*

P7-9 Control 25 12.7 ± 1.2

P14-16 Control 16 10.1 ± 1.1

P21-23 Control 14 10.3 ± 1.5

Data represents mean ± SEM. * and ** indicate significant difference from corresponding

control group (p < 0.05 and p < 0.01, respectively; unpaired t-test).

correlates with volume of void) was not performed but could be
utilized in future studies.

VMRs More Robust in Rats Treated With Zymosan on

P14-16
VMRs were evoked by UBD at intensities ranging from 10–
60mmHg leading to stimulus-dependent increases in abdominal
EMG activity (Figure 3). These reflexes were most robust in rats
which had been treated on days P14-16 with intravesical zymosan
(neonatal bladder inflammation; NBI) and then retreated as
adults with intravesical zymosan (adult bladder inflammation;
ABI). A comparison of all rats treated on days P14-16 which
subsequently received ABI as an adult (combination of NBI-
ABI and Anesth-ABI groups) with their appropriate control
groups (NBI-Anesth and Anesth-Anesth groups) demonstrated
a statistically significant effect of ABI (p = 0.021) supporting
previous observations that ABI as an acute insult produces
hypersensitivity (2, 24). More importantly, a comparison of
all rats treated on P14-16 which received NBI as a neonate
(combination of NBI-ABI and NBI-Anesth groups) with their
appropriate control groups (Anesth-ABI and Anesth-Anesth
groups) also demonstrated a statistically significant effect of NBI
(p = 0.048). As is apparent in Figures 3B,E, this effect was
mostly due to the NBI-ABI subgroup. Post hoc analysis of the
data from rats treated on days P14-16 demonstrated the NBI-
ABI group differed significantly from the Anesth-ABI group
(difference p = 0.044), the NBI-Anesth group (p = 0.009) and
Anesth-Anesth group (p= 0.001). A similar examination of data
from the P7-9 (Figures 3A,D) and P21-23 groups (Figures 3C,F)
did not demonstrate any increases in vigor of VMRs due to
NBI treatment but did demonstrate effects of ABI (P7-9 data
p = 0.010; P21-23 data p = 0.012). Interestingly, the P21-23
group had a small, but statistically significant decrease in evoked
VMR activity as an effect of NBI (p = 0.026) when doing the
same analysis.

Interval Summary
Of the three timepoints studied, the only neonatal treatment
period in which NBI resulted in both increases in spontaneous
micturition and increased robustness of VMRs to UBD as adults
was the P14-16 timepoint. This supports methodological use of
the P14-16 timepoint and narrows the “window of susceptibility”

for the critical period of development associated with the NBI
effect from <28 days to the time period of >9 to <21 days.

QUESTION #2: ARE THREE DAYS OF
INTRAVESICAL ZYMOSAN TREATMENT
NEEDED?

Background
As noted earlier, we settled on a 3 day Neonatal Treatment
paradigm by empiric determinations related to subject
survivability. This treatment is time consuming and
means that the pups are exposed to multiple antibiotic
doses, multiple instrumentations of their urethras and
multiple episodes of anesthesia. It was possible that
a single bout of NBI would be sufficient to observe
the multiple effects that we had noted with 3 days
of treatment and so a brief set of experiments was
performed to determine whether 1 day of treatment might
be sufficient.

Methods
Methods identical to those described in section Neonatal
Treatments were utilized with the following modifications:
(1) only intravesical zymosan treatments (NBI) beginning on
P14 were employed and (2) the female rat pups treated
with NBI were separated into two groups, one of which
received a single day of NBI on P14 and the other group
which received 3 days of NBI on P14-16 identical to the
above described protocols. ABI and VMR protocols identical
to those described in Sections Adult bladder inflammation
and Visceromotor Response (VMR) Measures were also
employed and statistical analysis performed as in Section
Quantitative analysis.

Results
As is apparent in Figure 4, one day of NBI treatment coupled
with either ABI or an adult control treatment (the 1 day NBI-
ABI and 1 day NBI-Anesth groups) did not result in an apparent
augmentation of VMRs. However, 3 days of NBI treatment
coupled with ABI (the 3 day NBI-ABI group) produced VMRs
that were statistically more robust that the other three groups
studied (comparison with 1 day NBI-ABI group p = 0.006, with
3 day NBI-Anesth group p = 0.005 and with 1 day NBI-Anesth
group p = 0.003). However, data from those other groups were
not statistically different from each other.

Section Summary
A single 30min treatment on P14 with intravesical zymosan did
not produce robust increases in VMRs to UBD in adult rats
whereas three repeated daily treatments on P14-16 did produce
more robust VMRs than their controls. This supports use of a 3
day NBI treatment protocol.
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FIGURE 3 | Effect of Timing of Neonatal Treatments on Visceromotor Responses as Adults. All panels are labeled by their 3 days of postnatal treatment as pups

[P7-9, (A,D); P14-16, (B,E); P21-23, (C,F)] with either intravesical zymosan producing neonatal bladder inflammation (NBI treatment) or with control treatments

(Anesth treatment). One day prior to study, adults rats received either retreatment with intravescial zymosan producing acute adult bladder inflammation (-ABI

treatment) or with control treatments (-Anesth treatment). All rats received a combination of an adult and a neonatal treatment as labeled. Y-axis in (A–C) indicate the

vigor of the visceromotor responses measured as increases in abdominal electromyographic activity evoked by the intensities of urinary bladder distension indicated in

the x-axis. (D–F) indicate Area-Under-the-Curve (AUC) measures for the stimululs-response functions in the main panels–pretreatment groups are indicated

numerically as per the legend box. Although ABI produced statistically significant increases in visceromotor activity with treatment at all three timepoints, only treatment

at the P14-16 timepoint led to an increase in responses of adult rats in the NBI-ABI group when compared with the Anesth-ABI group. Data is presented as means ±

SEM. N’s and treatment groups are as indicated in legend boxes. * in (E) indicates statistically significant difference from the other three groups with p < 0.05.

QUESTION #3: CAN BACTERIAL
LIPOPOLYSACCHARIDE ALSO ACT AS AN
APPROPRIATE FIRST INSULT?

Background
Our previously reported studies noted in the Introduction
section used zymosan to induce bladder inflammation. Derived
from yeast cell walls, zymosan is an activator of TLR2 and
TLR6 receptors (25) and produces a robust local inflammatory
effect in the bladder (24). We had previous experience with
its use in somatic systems (26, 27) and it was used by others
as an inflammatory agent of the colon/rectum [e.g., (28)].
Bacterial lipopolysaccharide (LPS) derived from E.Coli also
seemed like an appropriate substance to study the effects of NBI
since bladder infections are common in childhood, especially
in females (29) and E.Coli is a common source of urinary
tract infections (30). LPS is an activator of TLR4 receptors
(25) and we chose a specific E.Coli strain-derived type of
LPS that has been well characterized and utilized by multiple
laboratories to induce robust bladder inflammation in rodents
[e.g., (31)]. Our overall investigative plan was to compare and

contrast use of LPS with zymosan as intravesical agents in our
NBI model.

Methods
Methods identical to those described in section Neonatal
Treatments were utilized with the following modifications:
(1) only treatments on P14-16 were employed and (2) the
female rat pups treated with NBI were separated into two
groups, one of which received zymosan (as before; in these
studies designated as ZY.NBI) as the intravesical agent and the
other group which received LPS (0.05ml, 30min instillation,
100µg/ml, E.Coli strain source O55:B5, Sigma-Aldrich, St. Louis,
MO; in these studies; designated as LPS.NBI). Neonatal control
groups (Anesth) were treated as before. ABI protocols identical
to those described in Sections Adult bladder inflammation
were also employed with the modification that some rats were
treated with intravesical zymosan (as before; designated +

ZY.ABI) and others were given a single dose of intravesical
LPS (0.5ml, 30min instillation, same source/strain as in the
NBI treatments; designated+ LPS.ABI) approximately 24 h prior
to testing. Adult control groups (+ Anesth) were treated as
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FIGURE 4 | Effect of Altering Duration of Neonatal Bladder Inflammation (NBI)

Treatment. Data presented in same fashion as panels in Figure 2 (group

stimulus-response functions in (A); Area-Under-the-Curve, AUC, measures in

(B)). Three days of NBI treatment followed by adult bladder inflammation (ABI)

resulted in statistically more robust visceromotor responses when compared

with all other groups tested. Stated statistics represent ANOVA results. *

indicates 3 day NBI group different from all other groups (p < 0.05) for data

point indicated; “n.s.” indicates non-significant difference from other groups

indicated.

before. VMR protocols identical to those described in section
Visceromotor Response (VMR) Measures were employed and
statistical analysis performed as in section Quantitative analysis.

Results
Intravesical LPS administration to adult rats (+ LPS.ABI groups)
produced an augmentation of VMRs when compared with
adult controls (+ Anesth groups) indicating that the dose and
route of LPS was capable of producing effects. Notably, this
augmenting effect of LPS was most robust in rats which had
received NBI using zymosan (the “ZY.NBI + LPS.ABI group”
when compared with “ZY.NBI + Anesth” group was different
with p = 0.011), an effect which was comparable in magnitude
to the augmentation produced by zymosan-induced ABI in
rats which had received NBI using zymosan (the “ZY.NBI +

ZY.ABI group” compared with “ZY.NBI + Anesth group” was
statistically different with p = 0.001). However, it is notable that
rats which received LPS for induction of NBI (the LPS.NBI +
LPS.ABI and LPS.NBI + ZY.ABI groups) did not demonstrate

FIGURE 5 | Comparison of Use of Intravesical LPS vs. Zymosan for NBI on

VMRs to UBD in Adult Rats. Presentation of data is similar to that in

Figures 2, 3 (group stimulus-response functions in (A);

Area-Under-the-Curve, AUC, measures in (B)). “ZY.NBI” and “LPS.NBI”

indicate animals in those groups experienced NBI induced by intravesical

treatments with zymosan and LPS respectively. Similarly, “ZY.ABI” and

“LPS.ABI” similarly indicate adult intravesical treatments producing ABI.

“Anesth” indicates control treatments at neonatal and adult timepoints. The

“ZY.NBI + LPS.ABI” (Group 1) and “ZY.NBI + ZY.ABI” (Group 3) data were

statistically more robust than responses from each of the other groups, but not

from each other (Repeated Measures ANOVA; * indicates p < 0.05 for

comparison with all other groups). Notably, the robustness of visceromotor

responses of the “Anesth + ZY.ABI”, “Anesth + LPS.ABI”, “LPS.NBI +

ZY.ABI” and “LPS.NBI + LPS.ABI” (Groups 5–8) did not statistically differ from

each other and are indicated as “n.s” for non-significant.

augmented responses following ABI when compared with rats
which received neonatal control treatments follow by ABI
with zymosan or LPS (the Anesth + LPS.ABI and Anesth +

ZY.ABI groups) at the doses/times employed. This information
is summarized in Figure 5.

Section Summary
At the dosing and timing parameters employed in this set of
studies, treatment with intravesical zymosan but not intravesical
LPS on days P14-16 led to augmented VMRs following a second
bladder inflammatory insult as an adult. It is notable that
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intravesical LPS and intravesical zymosan were both effective
as second insults–each producing increases in the vigor of
VMRs to UBD when compared with their appropriate control
treatments. However, rats treated as neonates with intravesical
LPS did not differ from rats given control treatments as neonates
(when matched by their adult treatments) whereas rats treated
as neonates with intravesical zymosan did differ from their
corresponding control rats. This would argue that not only is
“bladder inflammation” important but the “type” of bladder
inflammation matters, too, in relation to the neonatal insult.
The primary caveat of these studies was that an exhaustive
study of multiple variables (e.g., concentration of LPS; strain
of E.Coli) was not performed in the same way as previously
done for zymosan (24). A dose/strain of LPS was used that has
been reported as effective at producing bladder inflammation by
others [e.g., (31)] and in the present study, an ABI effect of LPS
treatment in adults was observed suggesting that the regimen
utilized was appropriate to the question addressed.

QUESTION #4: IS ABI THE ONLY
EFFECTIVE SECOND INSULT FOLLOWING
NBI?

Background
In all of our published studies related to the NBI model, the
“second insult” which was employed was a repeat bout of bladder
inflammation 24 h prior to testing. This ABI pretreatment
was used to evoke robust VMRs to UBD as well as other
observations which were noted in the Introduction. However,
clinical data related to IC/BPS suggests that multiple different
antecedent events experienced in adulthood are correlated with
the development of IC/BPS and of “flares” in the magnitude of
the symptoms associated with that disorder (pain and/or urinary
frequency) [e.g., (32, 33)]. These antecedent events include
bladder infections (the rationale for using ABI), acute stress,
surgery and other pathological processes including inflammatory
and neuropathic pain of non-bladder structures (34). Of these,
it is notable that episodes of acute anxiety/stress are the most
common “triggering” events apart from recurrent urinary tract
infections for flares in symptoms in subjects with IC/BPS (20).
To determine whether other non-bladder events could lead to an
augmentation of VMRs to UBD in rats which had experienced
NBI, we utilized multiple models of pain as second insults: a
model of non-bladder inflammatory pain; amodel of neuropathic
pain; and a model of acute stress/anxiety. Selection of these
models was based on their extensive use in our laboratories [e.g.,
(35, 36)].

Methods
General
All rats in these studies underwent Neonatal Treatments as
described in section Neonatal treatments using only zymosan
on days P14-16 as an inducer of NBI. As adults, they
then went through one of the protocols described below in
Sections Acute footshock-induced stress, inflammation of the
hindpaw or Chronic constriction injury of the infraorbital

nerve and then had VMRs to UBD determined according
to the protocols described in section Visceromotor Response
(VMR) Measures and statistical analysis as described in section
Quantitative analysis.

Acute Footshock-Induced Stress
We have characterized stress-induced bladder hyperalgesia
in female rats using acute footshock (AFS) as a stressor
(35, 37) and the same methodology was used here. This
paradigm has been demonstrated to produce increased anxiety-
evoked behaviors, activation of the hypothalamic-pituitary-
adrenal axis and augmented UBD-evoked VMRs. The present
study examined whether NBI altered the vigor of these responses
and so all rats in these studies underwent Neonatal Treatments
as described in section Neonatal treatments using only zymosan
on days P14-16 as an inducer of NBI. As adults (12–15 weeks
of age), rats were placed in operant conditioning chambers
enclosed in sound-attenuating cubicles for 15min on six separate
adaptation sessions in the days before a final session on the day
of testing. On that day, they were divided into two groups: the
AFS group was placed in test chambers where they received
intermittent footshock (15min period, 30 random interval
footshocks, 1mA, 1 s duration), the No FootShock (NFS) group
were placed in the same chambers but received no footshock.
Both groups had VMRs to UBD measured under urethane
anesthesia (1.2 gm/kg i.p. with low dose, 0.25% isoflurane
but otherwise as per section Visceromotor Response (VMR)
Measures) immediately following their final treatment and
statistical analysis performed as in section Quantitative analysis.

Inflammation of the Hindpaw
The present study examined whether NBI and adult hindpaw
inflammation altered the vigor of VMRs to UBD and so all rats
in these studies underwent Neonatal Treatments as described
in section Neonatal treatments using only zymosan on days
P14-16 as an inducer of NBI. As adults (12–15 weeks of age)
rats were anesthetized with inhaled isoflurane (2–5%), the skin
of their hindpaw prepped with a povidone/iodine solution and
0.1ml of Complete Freund’s Adjuvant (CFA; Sigma-Aldrich, St.
Louis, MO) was injected into the dorsolateral hindpaw using
a 30 gauge needle. Control injections (VEH) utilized the same
methods but injected 0.1ml of vehicle (mineral oil; Sigma-
Aldrich, Inc.; St. Louis, MO) into the hindpaw instead. Rats were
allowed to recover from anesthesia and 3 days later had VMRs to
UBD measured as described in section Visceromotor Response
(VMR) Measures and statistical analysis performed as in section
Quantitative analysis.

Chronic Constriction Injury of the Infraorbital Nerve
The present study examined whether NBI and chronic facial
neuropathic nociception altered the vigor of VMRs to UBD and
so all rats in these studies underwent Neonatal Treatments as
described in section Neonatal treatments using only zymosan
on days P14-16 as an inducer of NBI. As adults (10 weeks of
age) rats received bilateral ligation of the Infraorbital Nerve
branches of the Trigeminal Nerve utilizing the methodology
described elsewhere [e.g., (36, 38, 39)] or underwent a Sham
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surgery in which incisions were performed and the connective
tissue around the nerves was manipulated, but no ligation was
performed. Briefly, under inhaled isoflurane anesthesia (2–5%)
the scalp skin in the periorbital region had hair clipped and was
prepped using a povidone/iodine solution. Incisions/retractors
exposed the infraorbital nerves as they traversed the orbital
region and 5-0 absorbable chromic suture was used to perform
two ligations on each side approximately 5mm apart. Rats also
received a single dose of ampicillin (50 mg/kg s.c. on day of
surgery) and three doses of carprofen (5 mg/kg s.c. daily starting
on the day of surgery). Rats were allowed to recover from this
surgery for 4 weeks as we have previously demonstrated that
is the time when they begin to develop signs consistent with
facial cold and mechanical hypersensitivity [e.g., (36, 38, 39)].
Others have documented spontaneous signs of facial pain such
as grimacing (40) indicating ongoing, spontaneous pain due
to Infraorbital Nerve Chronic Compression (-IoNCC). VMRs
to UBD were obtained as described in section Visceromotor
Response (VMR) Measures and statistical analysis performed as
in section Quantitative analysis.

Results
Acute Footshock Stress Results in Augmented VMRs

to UBD in Rats Which Experienced NBI
Previous studies have demonstrated that Acute Footshock Stress
(AFS) produces augmented VMRs to UBD in adult female
rats (35) which were naïve to any additional interventions.
As demonstrated in Figure 6, such augmentation was also
observed in adult rats which had experienced control treatments
as neonates when compared with similarly treated control
rats that had No Footshock (NFS) as adults (Anesth-AFS
group vs. Anesth-NFS group were different; p = 0.014). This
augmentation, which was produced by AFS, was magnified
further in rats which had experienced NBI. A statistical
comparison demonstrated that VMRs to UBD in the NBI-AFS
group were more robust than those of the NBI-NFS group
(p = 0.001), the Anesth-AFS group (p = 0.032) and the Anesth-
Anesth group (p= 0.014).

Hindpaw Inflammation Results in Augmented VMRs

to UBD in Rats Which Experienced NBI
As demonstrated in Figure 7, hindpaw inflammation produced
by Complete Freund’s Adjuvant (CFA; injected 3 days prior
to testing) resulted in a reduction in the vigor of VMRs in
adult rats which had experienced control treatments as neonates
when compared with similarly treated neonatal control rats
that had vehicle injections as adults (Anesth-CFA group vs.
Anesth-VEH group were different; p = 0.041). In contrast, CFA
injection resulted in an augmentation of VMRs to UBD in rats
which had experienced NBI (NBI-CFA group) which was more
vigorous than all other tested groups. A statistical comparison
demonstrated that VMRs to UBD in the NBI-CFA group were
more robust than those of the NBI-VEH group (p = 0.001), the
Anesth-CFA group (p = 0.001) and the Anesth-VEH group (p
= 0.012).

FIGURE 6 | Footshock Stress Augments VMRs in Rats Which Experienced

NBI. Presentation is similar to that of Figures 2–4 (group stimulus-response

functions in (A); Area-Under-the-Curve, AUC, measures in (B)). Rats which

had experienced NBI demonstrated statistically greater VMRs to UBD

compared with controls when presented with acute footshock stress (AFS) as

a second insult as adults. *indicates VMRs in the NBI-AFS group was

statistically more robust than all other groups (p < 0.05). See text for greater

explanation and analysis.

Facial Neuropathic Pain Results in Augmented VMRs

to UBD in Rats Which Experienced NBI
As demonstrated in Figure 8, facial neuropathic nociception
produced by chronic bilateral ligation of the infraorbital branch
of the trigeminal nerve (-IoNCC; 4 weeks prior to testing)
resulted in a reduction in the vigor of VMRs in adult rats which
had experienced control treatments as neonates that was not
statistically significant when compared with similarly treated
control rats that had Sham surgeries as adults (Anesth-IoNCC
group vs. Anesth-Sham group were not different: p = 0.096). In
contrast, IoNCC resulted in augmentation of VMRs in rats which
had experienced NBI (NBI-IoNCC group) which was more
vigorous than the most important control groups. A statistical
comparison demonstrated that VMRs to UBD in the NBI-IoNCC
group were more robust than those of the NBI-Sham group
(p= 0.005) and the Anesth-IoNCC group (p= 0.002).

Section Summary
Rats which had experienced NBI demonstrated statistically
greater VMRs to UBD compared with controls when presented
with a second insult as adults. This was true when the
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FIGURE 7 | Hindpaw Inflammation Augments VMRs in Rats Which

Experienced NBI. Presentation is similar to that of Figures 2–5 (group

stimulus-response functions in (A); Area-Under-the-Curve, AUC, measures in

(B)). Rats which had experienced NBI demonstrated statistically greater VMRs

to UBD compared with controls when presented with hindpaw inflammation

induced by the injection of Complete Freund’s Adjuvant (CFA) as a second

insult as adults. “VEH” indicates vehicle injection into the hindpaw as an adult

control procedure. *indicates VMRs in the NBI-CFA group was statistically

more robust than all other groups (p < 0.05). See text for greater explanation

and analysis.

second insult was bladder reinflammation (as noted in previous
sections), as well as by anxiety/stress induced by AFS,
hindpaw inflammation produced by CFA or facial neuropathic
nociception produced by IoNCC.

QUESTION #5: DOES NBI PRODUCE ANY
OTHER FEATURES OBSERVED
CLINICALLY IN IC/BPS?

Background
Despite the heterogeneous nature of the IC/BPS population, deep
phenotyping of individuals have identified numerous features
that are more common in subjects with the diagnosis of IC/BPS
than in matched control subjects (20, 41). Notably, none are
pathognomonic or universal for the disorder but simply more
likely to be present. These include increased anxiety/stress
measures, increased sensitivity to intravesical chemical stimuli
particularly those high in potassium, the presence of vascular
fragility in the bladder itself, manifest as glomerulations

FIGURE 8 | Facial Neuropathic Nociception Augments VMRs in Rats Which

Experienced NBI. Presentation is similar to that of Figures 2–6 (group

stimulus-response functions in (A); Area-Under-the-Curve, AUC, measures in

(B)). Rats which had experienced NBI demonstrated statistically greater VMRs

to UBD compared with controls when they also experienced InfraOrbital Nerve

Chronic Compression (IoNCC) as a second insult as adults. “Sham” indicates

sham surgery as an adult control procedure. *indicates VMRs in the

NBI-IoNCC group was statistically more robust than the NBI-Sham and

Anesth-IoNCC groups (p < 0.05). See text for greater explanation and analysis.

(submucosal petechial hemorrhages) following hydrodistension
of the bladder and increased pelvic floor muscular sensitivity
and tone. Using standard methods for assessment we examined
whether any “rat-equivalent” signs consistent with human
signs/symptoms were present in rats treated with NBI. These
methods consisted of the following: (1) an assessment of
ongoing stress/anxiety by utilizing an Elevated Plus Maze; (2)
an assessment of sensitivity to intravesical potassium solutions
using VMRs as endpoints; (3) a histological assessment of bladder
tissues following sustained hydrodistension of the bladder; and
(4) EMG activity (both baseline and as VMRs to UBD) of
the left pubococcygeus muscle, one component of the pelvic
floor musculature.

Methods
Elevated Plus Maze
All rats in these studies underwent Neonatal Treatments as
described in section Neonatal treatments using only zymosan on
days P14-16 as an inducer of NBI. As adults (>12 weeks), all
rats were placed on an elevated two arm “plus maze” apparatus
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with one open arm (50 x 10 cm) and one enclosed arm (50
x 10 x 27 cm) with a junctional area (central area) of 10 x
10 cm, elevated to a height of 52 cm above the floor. To assess
anxiety-like behaviors, rats were placed facing the closed arm
in the central area and their behavior was video recorded.
Percentage of time spent in the open arm was quantified
by two separate observers who viewed the video recordings
independently and were not aware of group assignment. The
average values of their observations were utilized for statistical
analyses. Minimal/maximal time in open arm measures was
limited to those between 5 and 60 s for statistical analysis. Simple
unpaired t-tests were used to compare groups.

Intravesical Sensitivity to Potassium Chloride
All rats in these studies underwent Neonatal Treatments as
described in section Neonatal treatments using only zymosan
on days P14-16 as an inducer of NBI. As adults, all rats
were deeply anesthetized with inhaled isoflurane (2–5%), a 22
gauge angiocatheter was placed intravesically via the urethra
and rats surgically prepared for measures of abdominal EMG
activity as described above for VMRs in section Visceromotor
Response (VMR) Measures. Isoflurane anesthesia was reduced
to approximately 1% until withdrawal reflexes to toe pinch
returned. The EMG was monitored continuously for 6min and
then 100 microliters of normal saline was instilled into the
bladder and drained after 4min. Following an additional 1min
measure of EMG activity 100 microliters of 0.4mM potassium
chloride (KCl) solution was instilled into the bladder and then
drained after 4min. EMG activity following instillation of either
normal saline or KCl solution was quantified as the change in
rectified EMG activity measured in microvolts in 1min epochs
and statistically analyzed in a fashion similar to that described in
section Quantitative analysis.

Histological Effects of Hydrodistension
One set of rats were used for a “range-finding” portion of this
study; these rats were naïve to any previous treatments. However,
a separate group of rats used to examine NBI effects underwent
Neonatal Treatments as described in section Neonatal treatments
using only zymosan on days P14-16 as an inducer of NBI. As
adults, all rats were deeply anesthetized with inhaled isoflurane
(2–5%), a 22 gauge angiocatheter was placed intravesically
through the urethra and secured using a purse string suture
around the urethral orifice. The transurethral catheter was
attached to a fluid-filled column of warm (37◦C) normal saline
and the height of the top of the fluid column adjusted to be
between 40 and 60 cm above the height of the bladder. Distension
of the bladder by this fixed pressure of normal saline was
maintained for 30min after which the fluid was drained. Rats
were then kept anesthetized for another 30min after which they
were euthanized by bilateral thoracotomy and cardiac section.
Fresh bladders were removed and cut lengthwise and spread
out onto a coded microscope slide. A blinded observer then
examined the slides and recorded the number of sites of punctate
bleeding which were visible in each bladder.

Pubococcygeus EMG Activity
All rats in these studies underwent Neonatal Treatments as
described in section Neonatal treatments using only zymosan
on days P14-16 as an inducer of NBI. Methodology identical to
the VMRs described in section Visceromotor Response (VMR)
Measures above, was used to generate the EMGs with the
exception that the intramuscular wire electrodes used to generate
EMGs were placed in the left pubococcygeus muscle rather than
the superior oblique musculature and urethane anesthesia (1.2
gm/i.p.) supplemented with low dose isoflurane (typically 0.25%)
was used as the anesthetic.

Results
Elevated Plus Maze Measures Indicate Increased

Anxiety in Rats Which Experienced NBI
Rats Which Experienced NBI on P14-16 Demonstrated a
Reduced Time in the Open arm in Elevated Plus Maze (22.6 ±

1.8 s; n = 39) When Compared With Neonatal Anesth- Control
Rats (29.9 ± 2.3 s; n = 32; Difference Between two Groups
p= 0.014, Unpaired t-Test).

Intravesical Potassium Produced Robust VMRs in

Rats Which Experienced NBI
As demonstrated in Figure 9, the intravesical infusion of 100
microliters of a 0.4mM KCl solution produced a robust VMR
in rats which had experienced NBI on days P14-16 (the NBI-
KCl group; change from baseline EMG activity was statistically
significant at 3min following infusion; p = 0.008, repeated
measures ANOVA). Infusion of normal saline did not evoke
similar responses in these same animals (NBI-Saline group) and
rats which had not experienced NBI had no response to either
saline or KCl solution infusions (Anesth-Saline and Anesth-KCl
groups). A statistical comparison of change from baseline activity
demonstrated that data related to VMRs in the NBI-KCl group
were significantly different from all three other groups at the
3min timepoint (comparison with NBI-Saline group p = 0.003,
with Anesth-KCl group p = 0.001 and with Anesth-Saline group
p = 0.001). An averaging of the increases in activity during the
entire 4min of fluid infusion demonstrated similar statistically
significant differences between the NBI-KCl data (mean 856
± 252 µV) and the other three sets of data (NBI-Saline data:
mean−171± 146µV, difference fromNBI-KCL group p= 0.002;
Anesth-KCl data: mean−121 ± 58 µV, difference from NBI-
KCl group p = 0.001; Anesth-Saline data: mean−109 ± 70 µV,
difference from NBI-KCL group p= 0.002).

Rats Which Experienced NBI Had Increased Vascular

Fragility in the Bladder
Initial studies in rats which had received no pretreatments
were used to determine the optimal hydrodistension
pressures for generating submucosal petechial hemorrhages
in the bladders. In these “naïve” rats (n = 9/group):
40 cm H20 pressure hydrodistension produced 0.4 ± 0.2
hemorrhages/bladder; 50 cm H20 hydrodistension produced 1.1
± 0.3 hemorrhages/bladder; 60 cm H20 hydrodistension
produced 4.7 ± 1.1 hemorrhages/bladder; 80 cm H20
hydrodistension produced 9.3 ± 2.2 hemorrhages/bladder.
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FIGURE 9 | Effect of NBI on Responsiveness to Intravesical Potassium

Chloride Solutions. VMRs to the intravesical infusion of 100 microliters of either

normal saline (Saline) or potassium chloride (KCl; 0.4mM) solutions measured

as EMG activity averaged over 1min epochs differed between rats which

experienced NBI vs. neonatal control (Anesth) treatments. * indicates

statistically significant difference between the NBI-KCl group and all other

measures at the 3min timepoint (p < 0.01).

Based on these data, we utilized 50 cm H20 pressure for
subsequent experiments considering that it would be the optimal
hydrodistension pressure for examining differential effects of
NBI on bladder vascular fragility since it was the pressure where
“damage” effects were first reliably noted. When 30min of
50 cm H20 hydrodistension was utilized in adult rats which had
experienced NBI, 6.0 ± 1.1 hemorrhages/bladder were observed.
This was statistically > the 2.0 ± 0.4 hemorrhages/bladder
that were observed with the same treatment in rats which had
only received neonatal Anesth- control treatments on P14-16
(difference p= 0.0034; unpaired t-test; n= 9 in both groups).

Pelvic Floor Tone and Responsiveness Are Increased

in Rats Which Experienced NBI
As reported in Table 2, basal EMG activity (tone), measured as
a rectified EMG of the left pubococcygeus muscle prior to any
UBDs, was significantly greater (p = 0.018 for difference) in
rats which experienced NBI on P14-16 (the NBI-ABI and NBI-
Anesth groups combined) when compared with rats which only
received Anesthesia (the Anesth-ABI and Anesth-Anesth groups
combined). The same was true of EMG activity during 20 s of
60mm Hg UBD (p = 0.018 for difference) as well as the Evoked
Response (increase over basal level; p = 0.027 for difference).
With the present sample size, there were no statistically
significant differences between the more specific subgroups. It
is notable that the EMG activity of the pubococcygeus muscle
appeared elevated in the NBI-Anesth group in relation to other
groups whereas this group had the same or lower EMG activities
than the other groups when the abdominal musculature was
being used to measure VMRs.

Section Summary
NBI experienced on P14-16 was associated with increased
measures of anxiety, increased responsiveness to intravesical

TABLE 2 | Electromyographic activity (mean mV) of the left pubococcygeus

muscle in female rats which had experienced NBI and/or ABI.

Group (n) Basal “Tone” During UBD Evoked response

NBI-ABI(18) 295 ± 67 1,302 ± 223 1,008 ± 194

NBI-Anesth (9) 253 ± 83 1,126 ± 508 874 ± 513

Anesth-ABI (9) 157 ± 48 548 ± 152 391 ± 130

Anesth-Anesth (9) 81 ± 20 528 ± 192 448 ± 188

All NBI Combined (27) 280 ± 50* 1,241 ± 219* 961 ± 178*

All Anesth- Combined (18) 119 ± 27 538 ± 119 419 ± 111

NBI, Neonatal Bladder Inflammation; ABI, Adult Bladder Inflammation; Anesth- represents

control treatments as a neonate. -Anesth indicates control treatments as an adult. Data

are presented as mean ± SEM. *indicates significant difference from All Anesth- group (p

< 0.05; paired t-test).

potassium, increased bladder vascular fragility and increased
pelvic floor muscle tone/reactivity to UBD. These are all
features that have been noted in humans with the diagnosis of
IC/BPS (20).

DISCUSSION

The most important finding of the present study was that a
model system which produced phenotypic features similar to
those of the human disorder IC/BPS, was further validated and
characterized in a way which argues for its use in the study
of mechanisms and treatment of IC/BPS. Consistent with the
scientific panel goals delineated by Lai et al. (1), we observed
enhanced nociceptive responses to UBD, evidence of enhanced
pelvic nociception and increased urinary frequency. An added
bonus was that multiple phenotypic features were observed that
correlate with those of IC/BPS including an augmentation/flare
in responses to UBD produced by stress, nearby inflammation
and neuropathic pain inputs. It is notable that many of these
features (e.g., increased spontaneous micturition) were present
even prior to a second insult such as ABI.

There is epidemiological evidence of a mechanistic link to
this model system since it has been reported that childhood
bladder inflammatory events such as urinary tract infections
and antibiotic use (which may alter mycotic flora) is reported
as more frequent in subjects who develop IC/BPS as adults
(42–46). The female predominance of IC/BPS is also correlative
with childhood bladder infections which are more common in
females (29). A limitation of the present studies is that they were
performed only in female rats. This limits any extrapolation to
male pelvic pain syndromes.

There are numerous other questions that can be raised related
to the zymosan-induced NBI double insult model, many of which
may need to be answered by rhetorical rather than experimental
means. For example, we used a 1% solution of Zymosan
A because previous methodological studies had demonstrated
lesser evidence of inflammation with lesser concentrations and
greater toxicity without greater bladder inflammation at higher
concentrations (24). Peak inflammatory effects of the zymosan,
measured as Evans Blue extravasation in the bladder, were
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FIGURE 10 | Potential Effects of NBI. Hypothetical mechanisms that lead to a sensitized state that might occur secondary to an episode of NBI.

present 24 h after treatment but returned to normal levels
by 48 h. Hence, NBI treatments performed at 24 h intervals
would seem both rational and prudent, although a formal
parametric analysis was not performed. Whether zymosan is
the best bladder inflammatory agent as opposed to other agents
is still an open-ended question. As noted above, we did not
observe similar effects of a second insult in rats which received
neonatal treatments with intravesical LPS rather than zymosan,
a result which was surprising to us. This result may be due
to the fact that zymosan produces inflammation via activation
of TLR2 and TLR6 receptors whereas LPS acts mainly through
TLR4 receptors (25) and so the “type” of inflammation may
be important in relation to subsequent phenotypic changes.
However, our results may also represent a methodological
issue with the strain of E.Coli used or the concentration of
the LPS and/or duration of exposure since these parameters
were not parametrically examined. That said, given our current
observations, the model system using zymosan will continue to
be used in our laboratory because robust and reproducible results
were obtained.

UBD pressures of 10–30mm Hg are considered “non-
noxious” since they are within normal physiological ranges.
UBD pressures of 40–60mm Hg are generally considered
to be noxious intensities of stimulation. The present study
gave evidence that pressures in these higher ranges (50 cm
H2O = 37mm Hg in pressure measures), when sustained for
30min, can produce actual tissue damage as evidenced by the
production of submucosal hemorrhages. This would support
the Sherringtonian definition of noxious stimuli as those which
produce or predict tissue damage (47). In our experiments, a
pressure of 50 cm H20 was borderline noxious in normal rats but

definitely noxious in rats which had experienced NBI on P14-
16 as they had a greater number of hemorrhages (actual tissue
damage) evoked by a 50 cm H20 hydrodistension.

Other methodological questions not addressed in the present
set of studies included the optimal age for adult study. Notably,
we have performed a brief investigation of VMRs measured
in 60 day old “adult” rats (rather than 90–105 day old rats)
who had been treated with intravesical zymosan on P14-16
and found the VMRs to be less reliable and with less of an
effect of the NBI treatment (data not shown) which convinced
us to continue using older rats for study. It did make us
wonder whether allowing rats to get even older would lead to
even more robust results or whether aging could also serve
as a second insult. However, examination of that variable will
be left to a future study. The results of the present study
narrows the previous “window of vulnerability” from <28 days
to >9 to <21 days and so reaffirms our current use of the
P14-16 window.

What happens to the rat following an episode of NBI
is still to be fully elucidated. At a spinal level, numerous
changes could occur that cause the organism to move into a
“sensitized” state such that a second insult as an adult results
in increased nociceptive responses to bladder stimuli. Some of
these are delineated in Figure 10. To date, we and others have
identified that some of these possibilities have an anatomic
and/or physiological basis and may involve subsets of bladder
afferents (48, 49). For purposes of the present set of studies,
it is sufficient to say that various optimal parameters related
to NBI treatments have been defined and should be utilized
in future studies attempting to delineate the mechanisms of
NBI-induced sensitization (50–54).
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CONCLUSIONS

The present set of studies have examined some of the parameters
and effects of NBI induced by the intravesical mycotic cell wall
component zymosan. Effects of NBI on responses to urinary
bladder distension were noted in adult female rats such that
a sensitized state has been identified. The phenotypic findings
observed in this model have correlates to the clinical features
of IC/BPS in humans and so support use of this model system
to examine mechanisms of and treatments for IC/BPS. Future
studies should therefore utilize these methodological findings
to optimize their methodology in relation to the effects of
neonatal/childhood events and IC/BPS.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by UAB IACUC.

AUTHOR CONTRIBUTIONS

All authors have contributed to the intellectual content of
this manuscript. TN and AR were involved in the study
design, data collection, data analysis, and manuscript
generation/revision. CD, JD, MH, BC-M, JG, and JL
were all involved in data collection and manuscript
generation/revision.

FUNDING

These studies were supported by a grant from the United States
National Institutes of Health – DK51413.

ACKNOWLEDGMENTS

Technical assistance with video scoring by Benjamin
Roberts MD and Joseph C. Griffis PhD is gratefully
acknowledged as is other technical assistance by
Jamie McNaught.

REFERENCES

1. Lai HH, Gereau RWIV, Luo Y, O’Donnell M, Rudick CXN, Pontari M,

et al. Animal models of urologic chronic pelvic pain syndromes (UCPPS):

findings from the MAPP research network. Urology. (2015) 85:1454–

65. doi: 10.1016/j.urology.2015.03.007

2. Randich A, Uzzell TW, DeBerry JJ, Ness TJ. Neonatal urinary bladder

inflammation produces adult bladder hypersensitivity. J Pain. (2006) 7:469–

79. doi: 10.1016/j.jpain.2006.01.450

3. Deberry J, Ness TJ, Robbins MT, Randich A. Inflammation-induced

enhancement of the visceromotor reflex to urinary bladder distention:

modulation by endogenous opioids and the effects of early-in-life

experience with bladder inflammation. J Pain. (2007) 8:914–23.

2007. doi: 10.1016/j.jpain.2007.06.011

4. Deberry J, Randich A, Shaffer A, Robbins M, Ness TJ. Neonatal

bladder inflammation produces functional changes and alters

neuropeptide content in bladders of adult female rats. J Pain. (2010)

11:247–55. doi: 10.1016/j.jpain.2009.07.010

5. Ness TJ, Randich A, Nelson DE, Su X. Screening and optimization of nerve

targets and parameters reveals inhibitory effect of pudendal stimulation

on rat bladder hypersensitivity. Reg Anesth Pain Med. (2016) 41:737–

43. doi: 10.1097/AAP.0000000000000489

6. Ness TJ, DeWitte C, McNaught J, Clodfelder-Miller B, Su X.

Spinal mechanisms of pudendal nerve stimulation-induced

inhibition of bladder hypersensitivity in rats. Neurosci Letts. (2018)

686:181–5. doi: 10.1016/j.neulet.2018.08.041

7. Ness TJ, Clodfelder-Miller B, McNaught J, Miller DE, Su X. Neuromodulatory

effects of pudendal nerve stimulation on bladder hypersensitivity are

present in opioid-pretreated rats. Reg Anesth Pain Med. (2019) 44:1015–

20. doi: 10.1136/rapm-2018-100353

8. Ness TJ, Clodfelder-Miller B, McNaught J, Miller DE, Su X.

Benzodiazepines suppress neuromodulatory effects of pudendal

nerve stimulation on rat bladder nociception. Anesth Analg. (2020)

130:1077–84. doi: 10.1213/ANE.0000000000004396

9. Ness TJ, Randich A. Neonatal bladder inflammation alters activity of adult

rat spinal visceral nociceptive neurons. Neurosci Lett. (2010) 472:210–

4. doi: 10.1016/j.neulet.2010.02.007

10. Randich A, Mebane H, Ness TJ. Ice water testing reveals hypersensitivity

in adult rats that experienced neonatal bladder inflammation: Implications

for painful bladder syndrome/interstitial cystitis. J Urol. (2009) 182:337–

42. doi: 10.1016/j.juro.2009.02.107

11. Shaffer AD, Ball CL, Robbins MT, Ness TJ, Randich A. Effects of acute adult

and early-in-life bladder inflammation on bladder neuropeptides in adult

female rats. BMC Urol. (2011) 11:18. doi: 10.1186/1471-2490-11-18

12. Kannampalli P, Babygirlja R, Zhang J, Poe MM, Li G, Cook JM, et al.

Neonatal bladder inflammation induces long-term visceral pain and altered

responses of spinal neurons in adult rats. Neurosci. (2017) 346:349–

64. doi: 10.1016/j.neuroscience.2017.01.021

13. Miranda A, Mickle A, Schmidt J, Zhang Z, Shaker R, Banerjee B, et al.

Neonatal cystitis-induced colonic hypersensitivity in adult rats: a model

of viscero-visceral convergence. Neurogastroenterol Motil. (2011) 23:683–

700. doi: 10.1111/j.1365-2982.2011.01724.x

14. Zhang J, Yu J, Kannampalli P, Nie L, Meng H, Medda BK, et al. miRNA-

mediated downregulation of KCC2 and VGAT expression in spinal cord

contributes to neonatal cystitis-induced visceral pain in rats. Pain. (2017)

158:2461–74. doi: 10.1097/j.pain.0000000000001057

15. Sengupta JN, Pochiraju S, Kannampalli P, Bruckert M, Addys S,

Yadav P, et al. MicroRNA-mediated GABA Aα-1 receptor subunit

downregulation in adult spinal cord following neonatal cystitis-induced

chronic visceral pain in rats. Pain. (2013) 154:59–70. doi: 10.1016/j.pain.2012.

09.002

16. Miranda A, Peles S, Shaker R, Rudolph C, Sengupta JN. Neonatal nociceptive

somatic stimulation modifies the activity of spinal neurons in rats and

results in altered somatic and visceral sensation. J Physiol. (2006) 572:775–

87. doi: 10.1113/jphysiol.2006.108258

17. Chaloner A, Rao A, Al-Chaer ED, Greenwood-VanMeerveld BG. Importance

of neural mechanisms in colonic mucosal and muscular dysfunction in adult

rats following neonatal colonic irritation. Int J Dev Neurosci. (2010) 28:99–

103. doi: 10.1016/j.ijdevneu.2009.09.001

18. Al-Chaer ED, Kawasaki M, Pasricha PJ. A new model of

chronic visceral hypersensitivity in adult rats induced by colon

irritation during postnatal development. Gastroenterol. (2000)

119:1276–85. doi: 10.1053/gast.2000.19576

19. Fitzgerald M. The development of nociceptive circuits. Nature Revs Neurosci.

(2005) 6:507–20. doi: 10.1038/nrn1701

20. Bogart LM, Berry SH, Clemens JQ. Symptoms of interstitial cystitis, painful

bladder syndrome and similar diseases in women: a systematic review. J Urol.

(2007) 177:450–6. doi: 10.1016/j.juro.2006.09.032

Frontiers in Pain Research | www.frontiersin.org 14 December 2021 | Volume 2 | Article 791045

https://doi.org/10.1016/j.urology.2015.03.007
https://doi.org/10.1016/j.jpain.2006.01.450
https://doi.org/10.1016/j.jpain.2007.06.011
https://doi.org/10.1016/j.jpain.2009.07.010
https://doi.org/10.1097/AAP.0000000000000489
https://doi.org/10.1016/j.neulet.2018.08.041
https://doi.org/10.1136/rapm-2018-100353
https://doi.org/10.1213/ANE.0000000000004396
https://doi.org/10.1016/j.neulet.2010.02.007
https://doi.org/10.1016/j.juro.2009.02.107
https://doi.org/10.1186/1471-2490-11-18
https://doi.org/10.1016/j.neuroscience.2017.01.021
https://doi.org/10.1111/j.1365-2982.2011.01724.x
https://doi.org/10.1097/j.pain.0000000000001057
https://doi.org/10.1016/j.pain.2012.09.002
https://doi.org/10.1113/jphysiol.2006.108258
https://doi.org/10.1016/j.ijdevneu.2009.09.001
https://doi.org/10.1053/gast.2000.19576
https://doi.org/10.1038/nrn1701
https://doi.org/10.1016/j.juro.2006.09.032
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/pain-research#articles


Ness et al. NBI Model of IC/BPS

21. Castroman P, Ness TJ. Vigor of visceromotor responses to urinary

bladder distension in rats increases with repeated trials and stimulus

intensity. Neurosci Letts. (2001) 306:97–100. doi: 10.1016/S0304-3940(01)

01886-9

22. Ness TJ, Lewis-Sides A, Castroman P. Characterization of pressor

and visceromotor reflex responses to bladder distension in rats:

sources of variability and effect of analgesics. J Urol. (2001)

165:968–74. doi: 10.1016/S0022-5347(05)66586-X

23. Ball CL, Ness TJ, Randich A. Opioid blockade and inflammation reveal estrous

cycle effects on visceromotor reflexes evoked by bladder distension. J Urol.

(2010) 184:1529–35. doi: 10.1016/j.juro.2010.05.090

24. Randich A, Uzzell TW, Cannon RS, Ness TJ. Inflammation and enhanced

nociceptive responses to bladder distension produced by intravesical zymosan

in the rat. BMC Urol. (2006) 6:2. doi: 10.1186/1471-2490-6-2

25. Roeder A, Kirschning CJ, Rupec RA, Schaller M,Weindl G, Korting HC. Toll-

like receptors as key mediators in innate antifungal immunity. Med Mycol.

(2004) 42:485–98. doi: 10.1080/13693780400011112

26. Spraggins DS, Turnbach ME, Randich A. Effects of glutamate receptor

antagonists on spinal dorsal horn neurons during zymosan-induced

inflammation in rats. J Pain. (2001) 2:12–24. doi: 10.1054/jpai.2001.17688

27. Turnbach ME, Randich A. The effect of spinal and systemic administration

of indomethacin on zymosan-induced edema, mechanical hyperalgesia and

thermal hyperalgesia. J Pain. (2001) 2:25–35. doi: 10.1054/jpai.2001.16176

28. Coutino SV, Meller ST, Gebhart GF. Intracolonic zymosan produces visceral

hyperalgesia in the rat that is mediated by spinal NMDA and non-NMDA

receptors. Brain Res. (1996) 736:7–15. doi: 10.1016/0006-8993(96)00661-0

29. Tullus K, Shaikh N. Urinary tract infections in children. Lancet. (2020)

395:1659–68. doi: 10.1016/S0140-6736(20)30676-0

30. Takeuchi O, Akira S. Toll-like receptors; their physiological role

and signal transduction system. Int Immunopharmacol. (2001)

1:625–35. doi: 10.1016/S1567-5769(01)00010-8

31. Saban MR, Hellmich H, Nguyen N-B, Winston J, Hammond TG,

et al. Time course of LPS-induced gene expression in a mouse

model of genitourinary inflammation. Physiol Genomics. (2001)

5:147–60. doi: 10.1152/physiolgenomics.2001.5.3.147

32. Sutcliffe S, Colditz G, Goodman M, Pakpahan R, Vetter J, Ness T, et al.

Urologic chronic pelvic pain syndrome symptom flares: characterization of

the full range of flares at two sites in the multidisciplinary approach to the

study of chronic pelvic pain (MAPP) research network. Brit J Urol. (2014)

114:916–25. doi: 10.1111/bju.12778

33. Lai HH, Vetter J, Song J, Andriole GL, Colditz GA, Sutcliffe S.

Management of symptom flares and patient-reported flare triggers in

interstitial cystitis/bladder pain syndrome (IC/BPS) – findings from

one site of the MAPP research network. Urology. (2019) 126:24–

33. doi: 10.1016/j.urology.2019.01.012

34. Anonymous. Causes of IC. (2021). Available online

at: www.ichelp.org/about-ic/causes-of-ic/.

35. DeBerry JJ, RobbinsMT, Ness TJ. The amygdala central nucleus is required for

acute stress-induced bladder hyperalgesia in a rat visceral pain model. Brain

Res. (2015) 1606:77–85. doi: 10.1016/j.brainres.2015.01.008

36. Cha M, Johan KJ, Zuo X, Ling JX, Gu JG. Assessment of chronic trigeminal

neuropathic pain by the orofacial operant test in rats. Behav Brain Res. (2012)

234:82–90. doi: 10.1016/j.bbr.2012.06.020

37. Ness TJ, DeWitte C, DeBerry JJ, Randich A. Neonatal bladder inflammation

alters the role of the central amygdala in hypersensitivity produced by

acute footshock stress in adult female rats. Brain Res. (2018) 1698:99–

105. doi: 10.1016/j.brainres.2018.06.030

38. Zuo X, Ling JX, Xu GY, Gu JG. Operant behavioral responses to orofacial

cold stimuli in rats with chronic constrictive trigeminal nerve injury: effects of

menthol and capsazepine.Mol Pain. (2013) 9:28. doi: 10.1186/1744-8069-9-28

39. Kanda H, Ling J, Chang y–T, Erol F, Viatchenko-Karpinski V, Yamada A,

et al. Kv4.3 channel dysfunctrion contributes to trigeminal neuropathic pain

manifested with orofacial cold hypersensitivity in rats. J Neurosci. (2021)

41:2091–105. doi: 10.1523/JNEUROSCI.2036-20.2021

40. Akintola T, Raver C, Studlack P, Uddin O,Masri R, Keller A. The grimace scale

reliably assesses chronic pain in a rodent model of trigeminal neuropathic

pain. Neurobiol Pain. (2017) 2:13–7. doi: 10.1016/j.ynpai.2017.10.001

41. Kreiger JN, Stephens AJ, Landis JR, Clemens JQ, Kreder K, Lai HH,

et al. relationship between chronic nonurological associated somatic

syndromes and symptom severity in urological chronic pelvic pain

syndromes: baseline evaluation of the MAPP study. J Urol. (2015) 93:1254–

62. doi: 10.1016/j.juro.2014.10.086

42. Hand JR. Interstitial cystitis: report of 223 cases (204 women and 19 men). J

Urol. (1949) 61:291–310. doi: 10.1016/S0022-5347(17)69067-0

43. Jones CA, Nyberg L. Epidemiology of interstitial cystitis. Urol. (1997) 49:2–

9. doi: 10.1016/S0090-4295(99)80327-6

44. Koziol JA, Clark DC, Gittes RF, Tan EM. The natural history of

interstitial cystitis: a survey of 374 patients. J Urol. (1993) 149:465–

9. doi: 10.1016/S0022-5347(17)36120-7

45. Lai HH, North CS, Andriole GL, Cupps L, Song D, Ness TJ, et al. Urological

symptoms in a subset of patients with urological chronic pelvic pain syndrome

and a polysymptomatic polysyndromic pattern of presentation. J Urol. (2014)

191:1802–7. doi: 10.1016/j.juro.2013.12.031

46. Peters KM, Killinger KA and Ibrahim IA. Childhood symptoms and events

in women with interstitial cystitis/painful bladder syndrome. Urology. (2009)

73:258–62. doi: 10.1016/j.uroogy.2008.09.014

47. Cervero F, Merskey H. What is a noxious stimulus? Pain Forum. (1996)

5:157–61. doi: 10.1016/S1082-3174(96)80020-1

48. Clodfelder-Miller BJ, Kanda H, Gu J, Creighton JR, Ness TJ, Deberry

JJ. Urothelial bladder afferent neurons in the rat are anatomically and

neurochemically distinct from non-urothelial afferents. Brain Res. (2018)

1689:45–53. doi: 10.1016/j.brainres.2017.12.023

49. Kanda H, Clodfelder-Miller BJ, Gu JG, Ness TJ, DeBerry JJ.

Electrophysiological properties of lumbosacral primary afferent neurons

innervating urothelial and non-urothelial layers of mouse urinary

bladder. Brain Res. (2016) 1648:81–9. doi: 10.1016/j.brainres.2016.

06.042

50. Liu C, Al-Chaer ED. Long-term sensitization of primary afferents in

adult rats exposed to neonatal colon pain. Brain Res. (2003) 971:73–

82. doi: 10.1016/S0006-8993(03)02358-8

51. Ness TJ, McNaught J, Clodfelder-Miller B, Su X. Medications used to treat

bladder disorders may alter effects of neuromodulation. Neurourol Urodyn.

(2020) 39:1313–20. doi: 10.1002/nau.24373

52. Norwood AP, Al-Chaer ED, Fantegrossi WE. Predisposing effects

of neonatal visceral pain on abuse-related effects of morphine

in adult male Sprague-Dawley rats. Psychopharmacology. (2014)

231:4281–9. doi: 10.1007/s00213-014-3574-6

53. Shaffer AD, Ness TJ, Randich A. Early-in-life bladder inflammation

alters U50, 488H but not morphine-induced inhibition of visceromotor

responses to urinary bladder distension. Neurosci Lett. (2013) 534:150–

4. doi: 10.1016/j.neulet.2012.11.035

54. Shaffer AD, Ness TJ, Robbins MT, Randich A. Early in life bladder

inflammation alters opioid peptide content in the spinal cord and bladder

of adult female rats. J Urol. (2013) 189:352–8. doi: 10.1016/j.juro.2012.

08.190

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 © 2021 Ness, DeWitte, DeBerry, Hart, Clodfelder-Miller, Gu, Ling and

Randich. 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 Pain Research | www.frontiersin.org 15 December 2021 | Volume 2 | Article 791045

https://doi.org/10.1016/S0304-3940(01)01886-9
https://doi.org/10.1016/S0022-5347(05)66586-X
https://doi.org/10.1016/j.juro.2010.05.090
https://doi.org/10.1186/1471-2490-6-2
https://doi.org/10.1080/13693780400011112
https://doi.org/10.1054/jpai.2001.17688
https://doi.org/10.1054/jpai.2001.16176
https://doi.org/10.1016/0006-8993(96)00661-0
https://doi.org/10.1016/S0140-6736(20)30676-0
https://doi.org/10.1016/S1567-5769(01)00010-8
https://doi.org/10.1152/physiolgenomics.2001.5.3.147
https://doi.org/10.1111/bju.12778
https://doi.org/10.1016/j.urology.2019.01.012
https://doi.org/10.1016/j.brainres.2015.01.008
https://doi.org/10.1016/j.bbr.2012.06.020
https://doi.org/10.1016/j.brainres.2018.06.030
https://doi.org/10.1186/1744-8069-9-28
https://doi.org/10.1523/JNEUROSCI.2036-20.2021
https://doi.org/10.1016/j.ynpai.2017.10.001
https://doi.org/10.1016/j.juro.2014.10.086
https://doi.org/10.1016/S0022-5347(17)69067-0
https://doi.org/10.1016/S0090-4295(99)80327-6
https://doi.org/10.1016/S0022-5347(17)36120-7
https://doi.org/10.1016/j.juro.2013.12.031
https://doi.org/10.1016/j.uroogy.2008.09.014
https://doi.org/10.1016/S1082-3174(96)80020-1
https://doi.org/10.1016/j.brainres.2017.12.023
https://doi.org/10.1016/j.brainres.2016.06.042
https://doi.org/10.1016/S0006-8993(03)02358-8
https://doi.org/10.1002/nau.24373
https://doi.org/10.1007/s00213-014-3574-6
https://doi.org/10.1016/j.neulet.2012.11.035
https://doi.org/10.1016/j.juro.2012.08.190
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/pain-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/pain-research#articles

	A Model in Female Rats With Phenotypic Features Similar to Interstitial Cystitis/Bladder Pain Syndrome
	Introduction
	Question #1: Is P14-16 the Optimal Timepoint for the First Insult?
	Background
	Methods
	General
	Neonatal Treatments
	Voiding Spot Assay
	Adult Bladder Inflammation
	Visceromotor Response (VMR) Measures
	Quantitative Analysis

	Results
	Voiding Episodes Are More Numerous in Rats Treated With Zymosan on P14-16 and P21-23
	VMRs More Robust in Rats Treated With Zymosan on P14-16

	Interval Summary

	Question #2: Are Three Days of Intravesical Zymosan Treatment Needed?
	Background
	Methods
	Results
	Section Summary

	Question #3: Can Bacterial Lipopolysaccharide Also Act as an Appropriate First Insult?
	Background
	Methods
	Results
	Section Summary

	Question #4: Is ABI the Only Effective Second Insult Following NBI?
	Background
	Methods
	General
	Acute Footshock-Induced Stress
	Inflammation of the Hindpaw
	Chronic Constriction Injury of the Infraorbital Nerve

	Results
	Acute Footshock Stress Results in Augmented VMRs to UBD in Rats Which Experienced NBI
	Hindpaw Inflammation Results in Augmented VMRs to UBD in Rats Which Experienced NBI
	Facial Neuropathic Pain Results in Augmented VMRs to UBD in Rats Which Experienced NBI

	Section Summary

	Question #5: Does NBI Produce Any Other Features Observed Clinically in IC/BPS?
	Background
	Methods
	Elevated Plus Maze
	Intravesical Sensitivity to Potassium Chloride
	Histological Effects of Hydrodistension
	Pubococcygeus EMG Activity

	Results
	Elevated Plus Maze Measures Indicate Increased Anxiety in Rats Which Experienced NBI
	Intravesical Potassium Produced Robust VMRs in Rats Which Experienced NBI
	Rats Which Experienced NBI Had Increased Vascular Fragility in the Bladder
	Pelvic Floor Tone and Responsiveness Are Increased in Rats Which Experienced NBI

	Section Summary

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


