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Abstract: Lower urinary tract symptoms (LUTS) greatly reduce quality of life. While LUTS etiology is not completely 
understood, it is plausible that environmental contaminants could play a role. Polychlorinated biphenyls (PCBs), 
are a group of persistent environmental toxicants frequently documented in animal and human tissues. PCBs are 
capable of influencing voiding function in mouse offspring exposed developmentally, however whether PCB expo-
sure during adulthood can also influence voiding dynamics is unknown. Therefore, the purpose of this study was 
to determine whether PCB exposure in adult female mice can impact voiding function. As part of a larger study to 
generate developmentally exposed offspring, adult female C57Bl/6J mice were dosed orally with the MARBLES PCB 
mixture (0.1, 1, or 6 mg/kg/day) or vehicle control beginning two weeks before mating and throughout gestation 
and lactation (9 weeks). Adult dosed female dams then underwent void spot assay, uroflowmetry, and anesthetized 
cystometry to assess voiding function. Bladder contractility was assessed in ex vivo bladder bath assays, and blad-
ders were collected for morphology and histology assessments. While voiding behavior endpoints were minimally 
impacted, alterations to bladder contractility dynamics were more pronounced. Adult female mice dosed with 1 mg/
kg/d PCB showed an increase in urine spots 2-3 cm2 in size, increased bladder contractility in response to electrical 
field stimulation, and decreased bladder wall thickness compared to vehicle control. PCBs also altered contractile 
response to cholinergic agonist in a dose-dependent manner. Overall, these results indicate that exposure to PCBs 
in adult female mice is sufficient to produce changes in bladder physiology. These results also highlight the critical 
role of timing of exposure in influencing voiding function.
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Introduction

Lower urinary tract symptoms (LUTS), such as 
overactive bladder, nocturia, and incontinence, 
are prevalent conditions that negatively affect 
quality of life [1, 2]. LUTS are prevalent in the 
aging population and are common comorbidi-
ties with sleep disturbances and hip fracture 
risk [3-6]. LUTS are also present in individuals 
with neurodevelopmental disorders [3-6]. The 
etiology of LUTS is complex, and while some 
risk factors, such as aging [3, 4, 7], diabetes 
[8-10] and urinary tract infections [11-13], have 
been identified, the complex factors leading to 
LUTS risk are not fully understood. There is evi-
dence to suggest that environmental contami-
nants may also play a role in lower urinary tract 
development and disease [14-19].

Polychlorinated biphenyls (PCBs) are a group of 
persistent organic pollutants that are extremely 
resistant to environmental degradation [20-
25]. Despite production bans, PCB exposure 
remains a health concern due to legacy sources 
from prior to the ban, and new contemporary 
sources of PCBs produced as unintentional 
byproducts of industrial processes such as 
paint pigment production [21, 23, 24, 26, 27]. 
Diet is a major route of exposure, as PCBs are 
highly lipophilic, allowing them to accumulate in 
fatty tissues [27-29]. Example sources of PCBs 
in the human diet include meat, dairy, and fish 
[20, 27-33]. The present study uses a mixture 
of PCBs termed the MARBLES PCB mixture, 
which mimics the most abundant PCB conge-
ners and their percentages found in the serum 
of a contemporary cohort of pregnant women at 
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risk of having a child with a neurodevelopmen-
tal disorder [34, 35]. This mixture contains both 
legacy and contemporary PCB congeners, thus 
allowing for the assessment of a contemporary, 
environmentally relevant mixture of PCBs on 
lower urinary tract function.

Numerous studies on the effects of PCB expo-
sure, during both pre- and postnatal develop-
ment, have described negative consequences 
for neurological function and development of 
the central nervous system [36-45] as well as 
other organ systems including the liver, intes-
tine, gut microbiome and immune system [46-
53]. Gestational and lactational exposure to 
PCBs has also been shown to influence voiding 
function of mice once they reach young adult-
hood [17]. However, whether PCB exposure 
contributes to voiding function when exposed 
in later life stages is not known. Understanding 
the impacts of PCB exposure at all ages could 
help preventative or therapeutic strategies  
for all ages of patients suffering from LUTS. 
Therefore, here we test whether adulthood  
PCB exposure in female mice alters voiding 
function. 

Materials and methods

Animals

All procedures involving animals were conduct-
ed in accordance with the NIH Guide for the 
Care and Use of Laboratory Animals and were 
approved by the University of Wisconsin-
Madison Animal Care and Use Committee. The 
study used wild type C57Bl/6J mice (#000664, 
Jackson Labs, Bar Harbor, ME). All mice were 
kept in clear plastic cages with corn cob bed-
ding, kept at 22 ± 2°C and maintained on a 12 
h light and dark cycle. Feed (Diet 2020x, Teklad, 
Indianapolis, IN) and water were provided ad 
libitum.

PCB exposures

The MARBLES PCB congener mixture was used 
to simulate environmental exposure levels of 
PCBs found in a contemporary cohort of preg-
nant women at risk of having a child with a  
neurodevelopmental disorder [35]. PCBs were 
ordered from Accustandard (Accustandard, 
New Haven, CT) or synthesized and authenti-
cated by the Synthesis Core of the University of 
Iowa Superfund Research Program with > 99% 
purity as previously reported [35]. Mice were 

dosed as described [17]. Briefly, adult female 
nulliparous mice of an average age of 7 weeks 
old were dosed orally daily with 0, 0.1, 1 or 6 
mg/kg MARBLES PCB mixture dissolved in  
peanut oil (Spectrum Organic Products, LLC, 
Mellville, NY) and mixed into organic peanut 
butter (Trader Joe’s, Monrovia, CA). These 
doses were chosen as they have been used 
previously to generate PCB levels in offspring 
and dams at levels relevant to human expo-
sures [54] and have been shown to induce 
behavioral deficits in developmentally exposed 
offspring [40, 41, 54-56]. In order to refine and 
reduce animal numbers, the adult female mice 
used in this study were generated as part of  
a larger study to generate offspring [17]. As 
such, the female mice began the PCB dosing 
regimen two weeks before mating and contin-
ued throughout gestation and lactation and 
until voiding function assessment was complet-
ed following weaning. If female mice failed to 
maintain pregnancy or care for their litters, they 
continued to be dosed such that all female 
mice used in this study were exposed to 
MARBLES PCBs/vehicle control for an average 
of 9 weeks. A subset of mice underwent void 
spot assays (VSA), uroflowmetry and then anes-
thetized cystometry, while others were eutha-
nized and bladders collected for ex vivo bladder 
tissue bath assays or morphology and histolo-
gy. N values for each endpoint are detailed 
below for each assay and in the figure legends.

Void spot assay (VSA)

Void spot assays were conducted according to 
best practices as described [57-59]. Briefly, 
after a 1-hour acclimation to the room, mice 
(n=13-15 mice per treatment group) were 
placed singly in an empty cage containing 3MM 
chromatography paper (057163E, Thermo 
Fisher Scientific, Waltham, MA). The mice had 
access to food, but not water, during the 4 hour 
testing period. After the testing period, chroma-
tography papers were allowed to dry and then 
imaged under UV light using a UVP Chem- 
Studio Plus UV imager (Analytik Jena, Beverly, 
MA). VSA analysis was conducted in ImageJ 
using the open access Void Whizzard analysis 
software [58] by an individual blinded to treat-
ment conditions. 

Uroflowmetry

Uroflowmetry was conducted as previously 
described [17, 60]. At least one day following 
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VSA testing, mice (n=13-15 mice per treatment 
group) were acclimated to the room for 1 hour 
and then placed into uroflowmetry chambers 
for 4 hours with access to water, but not food. 
Uroflow data was collected using Raspberry Pi 
cameras and processors (RS Components 
Limited, Corby, UK) as described [60]. Data was 
analyzed by an individual blinded to treatment 
conditions. Urine events in which urine hit the 
bars of the metabolic chamber’s floor were 
excluded from analysis. In order to determine a 
numerical value for stream rating, a scale from 
1-3 was used, in which 1 was a void made up of 
individual drops and 3 was a void made up of a 
strong stream of urine. 

Anesthetized cystometry

The terminal procedure of anesthetized cys-
tometry was conducted as described [17, 61]. 
Briefly, mice (n=8-10 mice per treatment group) 
were anesthetized using a subcutaneous in- 
jection of urethane (AC325540500, Thermo 
Fisher Scientific) at a dosage of 1.43 g/kg 
mouse. A PE-50 tubing catheter (NC9140178, 
Thermo Fisher Scientific) was placed in the 
dome of the bladder. Following surgery, mice 
were allowed to recover for approximately 60 
minutes on a heated pad, and then connected 
via the catheter to an in-line pressure transduc-
er and infusion pump. Saline was infused into 
the bladder at a rate of 0.8 mL/hr. Bladder 
pressure was recorded using an MLT844 physi-
ological pressure transducer (ADInstruments, 
Colorado Springs, CO, USA) connected to an 
FE221 Bridge Amp (ADInstruments) with a 
PowerLab 2/26 (PL2602) data acquisition  
system. Cystometrograms were recorded and 
analyzed using Labchart software (ADInstru- 
ments). Cystometrograms were recorded for 
approximately 1 hour, or until a consistent pat-
tern of voiding was achieved. 5 consecutive 
voids for each mouse were averaged and ana-
lyzed for data collection and selected by an 
individual blinded to treatment conditions. 
Measured parameters include void interval, 
void duration, normalized threshold pressure, 
normalized peak void pressure, non-voiding 
contractions, and compliance. 

Bladder bath analysis

Bladder bath assays were conducted as 
described [62, 63]. Mice (n=5-6 mice per treat-

ment group) were euthanized via CO2 and the 
bladder removed and bifurcated longitudinally. 
Knots were placed on the top and bottom of 
each bladder half (5-0 silk, Fine Science Tools, 
Foster City, CA) and tied to an arm and a force 
pressure transducer (FT-03, Grass Instruments, 
Quincy, MA). Tissues were submerged in a 37°C 
water jacketed tissue chamber filled with Krebs 
solution (133 mM NaCl, 16 mM NaHCO3, 5 mM 
KCl, 1 mM MgCl2, 1.4 mM NaH2PO4, 2.25 mM 
CaCl2 2H2O, 7.8 mM d-glucose, pH 7.2) and  
aerated with 95% O2-5% CO2. Bladder halves 
were maintained at a baseline of 1 gram of  
tension for 60 minutes before experimentation 
began, with Krebs solution changed every 15 
minutes. For electrical field stimulation (EFS) 
bladders were stimulated with 10 V, duration of 
0.5 ms, and frequencies of 1 Hz, 2 Hz, 5 Hz, 10 
Hz, 20 Hz, and 50 Hz (Grass Instruments, West 
Warwick, RI). Bladders were stimulated at each 
frequency for 5 seconds, with 3 minutes recov-
ery between each stimulation. Once complet-
ed, bladders recovered for 30 minutes, with 
Krebs changed at 15 minutes and tension 
readjusted to 1 gram as needed. Increasing 
concentrations (0-10 µM final bath concentra-
tion, added from 1000× fresh stocks) of the 
cholinergic agonist carbachol (AAL0667403, 
Thermo Fisher Scientific) were then added to 
baths, with each addition occurring as the 
response plateaued to the previous addition to 
elicit a stepwise response. After final applica-
tion of carbachol, bladders were washed with 
Krebs solution 3 times and tension readjusted 
to 1 gram as necessary. Bladders recovered for 
30 minutes, with Krebs changed after 15 min-
utes. ATP (A1852-1VL, Sigma) was then applied 
to baths at increasing concentrations (0.1 to 
1000 µM final bath concentration, added from 
1000× fresh stocks) in a similar manner to car-
bachol. After final addition of ATP, bladders 
were washed with Krebs solution 3 times, and 
tension readjusted to 1 gram as necessary. 
Bladders recovered for 30 minutes, with Krebs 
solution changed after 15 minutes. Following 
this period, 60 mM KCl was added to the baths 
to elicit a maximum response. Bladder con- 
tractility was recorded and analyzed by an indi-
vidual blinded to treatment conditions using 
Labchart software (ADInstruments). Baseline 
values were subtracted from each response, 
and each response normalized to KCl response 
and expressed as percent. Bladder halves were 
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averaged, if a bladder half failed to respond to 
KCl or electrical field stimulation that half was 
excluded from analysis. 

Bladder metrics and histology

Whole bladders were collected for bladder  
metrics and histology from mice that did not 
undergo anesthetized cystometry, as cystome-
try cannot preserve the architecture of the 
bladder. Mice were euthanized with CO2 and 
bladder length, width, and height measured 
using a digital caliper to calculate relative vol-
ume for an ellipsoid (n=5-11 mice per treat-
ment group). For histology, bladders were 
removed, weighed, and fixed in 4% paraformal-
dehyde (Thermo Fisher Scientific, w/v diluted in 
PBS) overnight, dehydrated into methanol and 
stored at -20°C. Bladders were then rehydrat-
ed, embedded in low melt agarose so all treat-
ment groups were present in one block, dehy-
drated in ethanol, embedded in paraffin, sec-
tioned and stained with hematoxylin and eosin 
as previously described [19]. Bladder sections 
were imaged using an Eclipse Ci compound 
microscope (Nikon Instruments, Inc., Melville, 
NY) and DS Ri2 camera (Nikon Instruments, 
Inc.) interfaced to NIS elements imaging soft-
ware (Nikon instruments, Inc.). At least 3 inde-
pendent sections were imaged of each bladder. 
ImageJ was used to measure bladder muscle 
width in several locations from each section by 
an individual blinded to treatment conditions. 
Bladder muscle segments were selected for 
measure if they were intact. Some images were 
eliminated post hoc due to tearing or insuffi-
cient intact muscle. All muscle width measure-
ments were averaged for each image, and all 
image measurements were then averaged to 
create an average for each bladder with an 
n=3-6 bladders per treatment group.

Statistics

Statistics were run with GraphPad Prism soft-
ware version 9.2.0. Data were analyzed for  
normality using Shapiro-Wilk and Kolmogorov-
Smirnov normality tests, and variance using 
Brown-Forsythe and Bartlett’s tests. Data that 
passed normality and variance tests were ana-
lyzed using a one-way ANOVA followed by 
Dunnett’s multiple comparisons test or one-
way repeated measures ANOVA with Dunnett’s 
multiple comparison test. Data that did not 

pass normality underwent Kruskal-Wallis test 
followed by Dunn’s multiple comparisons test 
or for repeated measures, Friedman test fol-
lowed by Dunn’s multiple comparison test. Data 
that did not have equal variances underwent 
Welch’s ANOVA. The EC50 best fit values from 
bladder bath assays were generated from non-
linear fit analysis for log agonist vs. response 
curves within Prism. Results with P ≤ 0.05 were 
considered statistically significant. N values for 
each treatment group and parameter, along 
with the statistical test run, are indicated in the 
figure legends. 

Results

PCB exposure in adult female mice results in 
an increase in medium-sized urine spots

While developmental exposure to PCBs can 
alter mouse voiding physiology [17], the effects 
of adulthood exposure to PCBs on mouse void-
ing function in the dams is unknown. The goal 
of this study was to determine whether expo-
sure to a mixture of PCBs (MARBLES PCB mix-
ture) for 9 weeks in adulthood was sufficient  
to alter voiding physiology in female mice. To 
determine PCB effects on voiding function, 
female mice were first tested using the nonin-
vasive void spot assay (VSA) (Figure 1A-F). 
There were no statistically significant differenc-
es in the total number of urine spots, total urine 
area, or percent urine area in the center or cor-
ners of the paper after the 4 hour testing period 
(Figure 1B-E). Mice typically void in large (4+ 
cm2) or very small urine spots (0-0.1 cm2) as 
assessed by VSA. When urine spot sizes were 
examined individually, there was a significant 
increase in the number of urine spots in the 2-3 
cm2 size range in the 1 mg/kg/d PCB group 
compared to vehicle control (Figure 1F). 

PCB exposure in adult female mice causes no 
significant differences in uroflowmetry or anes-
thetized cystometry parameters

Uroflowmetry was used to assess individual 
void events in real time, which is not possible 
with VSA. This method allows for the quantifica-
tion of average void mass, void duration, flow 
rate, stream quality, number of void and fecal 
events as well as the interval between voids. 
PCBs did not significantly alter any of these 
parameters in adult female mice (Figure 2).
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VSA and uroflowmetry are non-invasive and 
performed in awake, freely moving mice. To 
complement these assays we also assessed 
voiding function via anesthetized cystometry, 
which can be used to investigate differences in 
voiding physiology without confounding vari-
ables stemming from behavior or environmen-
tal stimuli and allows for the assessment of 
pressure and volume relationships during void-
ing cycles [57, 58]. No statistically significant 
differences were found in intervoid interval, 
threshold pressure, maximum pressure, com-
pliance or number of non-voiding contractions 
between PCB dose groups (Figure 3).

PCB exposure in adult female mice results in 
increased bladder contractile strength to elec-
trical field stimulation and dose dependent 
changes in sensitivity to cholinergic stimula-
tion

Despite minimal changes in voiding behavior, it 
remains possible that subtle alterations at the 
tissue level are present and could be hypothe-
sized to manifest later in life or interact with 
other factors to increase severity or latency to 
develop LUTS. Therefore, we next examined 
bladder contractility in ex vivo bladder tissue 
bath preparations. Bladder contractility was 

Figure 1. PCB exposure during adulthood causes an increase in urine spots in the 2-3-centimeter size group. Void 
spot assay (VSA) testing was conducted in adult female mice. (A) Representative VSA images. Quantification of (B) 
total urine spot number, (C) total urine area on VSA paper, (D) percentage of urine area in corners, (E) percentage 
of urine area in center. (F) Number of urine spots within defined sizes. Results are mean ± SEM n=13-15 females 
per group. * indicates significant difference from vehicle control within the 2-3 cm spot size category, P ≤ 0.05 as 
determined by Kruskal-Wallis test (B, C, E, F) followed by Dunn’s multiple comparisons test or one-way ANOVA (D). 
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Figure 2. PCB exposure during adulthood does not alter uroflowmetry pa-
rameters. Uroflowmetry was conducted in adult female mice at least one 
day following VSA testing. Quantification of (A) void mass, (B) stream rating, 
(C) void duration, (D) number of void events, (E) flow rate, (F) number of 
fecal events, (G) interval between voids. Results are mean ± SEM n=8-13 
(A-C, E, G) n=13-15 (D, F) females per group. No significant difference from 
vehicle control P ≤ 0.05 as determined by Kruskal-Wallis (A-D, F, G) or one-
way ANOVA (E). 

assessed in response to elec-
trical field stimulation (EFS) 
and agonists of the choliner-
gic (carbachol) and purinergic 
(ATP) pathways essential in 
mediating bladder contrac-
tions [64, 65]. We first con-
firmed that PCBs did not sig-
nificantly alter baseline ten-
sion prior to addition of stimu-
li, or the ability of bladders  
to elicit a contraction in res- 
ponse to KCl (Figure 4A-E). 
Mass of bladder strips used 
for assays also did not differ 
between treatment groups 
(Figure 4F). In response to 
EFS, bladders from adult 
female mice dosed with 1 mg/
kg/d PCB had a significantly 
greater contractile response 
at frequencies of 10 Hz and 
20 Hz compared to bladders 
from vehicle control mice 
(Figure 5A). There was also a 
trend for increased contractil-
ity at the 50 Hz stimuli driven 
by elevated response in the  
1 mg/kg/d PCB group com-
pared to control (Figure 5A). 
EC50 values calculated from 
the dose response curve we- 
re lower in all PCB treatment 
groups compared to control, 
suggesting increased sen- 
sitivity (Figure 5A, inset).  
To examine receptor-mediat- 
ed contractility, bladder strips 
were incubated with increas-
ing concentrations of the  
cholinergic agonist carbachol. 
There was a significant incre- 
ase in the maximum contrac-
tile response to the lowest 
concentrations of 0.01 and 
0.03 µM carbachol in the 6 
mg/kg/d PCB treatment gro- 
up compared to vehicle con-
trol (Figure 5B). Conversely, in 
response to 0.3 µM carba-
chol, there was a significant 
decrease in contractile re- 
sponse in the 1 mg/kg/d PCB 
group compared to vehicle 
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control (Figure 5B). EC50 values were greater 
in all PCB groups compared to control and 
greatest for the 1 mg/kg/d PCB group, indicat-
ing decreased sensitivity (Figure 5B, inset). 
There were no significant PCB effects in con-
tractile response to ATP at any of the concen-
trations tested (Figure 5C). These data suggest 
that PCBs are capable of influencing the 
strength of bladder contractions in response to 
stimuli. Finally, we determined the strength of 
stimuli required within each PCB treatment 
group to significantly increase the response 

above that of the first stimuli, to measure the 
tolerance to repeated doses or in other words 
the lowest observed adverse effect level 
(Figure 6). Bladders from the 1 and 6 mg/kg/d 
PCB groups showed increased contractility 
compared to 1 Hz at higher frequencies than 
control or 0.1 mg/kg/d PCB groups (Figure 6A). 
Similarly, compared to control, PCB treated 
bladders also required higher concentrations of 
carbachol before contractility was greater than 
the first applied concentration (Figure 6B). ATP 
response was elevated at the highest concen-

Figure 3. PCB exposure during adulthood does not alter 
void interval, maximum bladder pressure or compliance. 
Anesthetized cystometry was conducted in adult female 
mice following completion of VSA and uroflowmetry. (A) 
Representative cystometrograms. Quantification of (B) 
void interval, (C) threshold pressure normalized to base-
line, (D) maximum pressure normalized to baseline, (E) 
compliance, (F) number of non-voiding contractions. Re-
sults are mean ± SEM n=8-10 females per group. No 
significant difference from vehicle control P ≤ 0.05 as 
determined by one-way ANOVA (B, D, E), Welch’s one-way 
ANOVA (C) or Kruskal-Wallis test (F).
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trations of ATP versus the lowest concentration 
of ATP only in the control and 0.1 mg/kg/d PCB 
groups (Figure 6C). These data suggest that 
PCBs can also influence the magnitude of 
change upon increasing strength of additive 
stimuli, generally with the 1 and 6 mg/kg/d 
PCB bladders requiring greater stimuli to pro-
duce a change from the lowest stimuli. Thus, 
these bladders were more tolerant to increas-
ing concentrations or in other words had a high-
er lowest observed adverse effect level. Taken 

There was also a trend for decreased bladder 
smooth muscle thickness in the 0.1 mg/kg/d 
PCB group in comparison to control group 
(P=0.06, Figure 8B).

Discussion

Adulthood exposure to PCBs in female mice led 
to changes in voiding physiology and bladder 
contractility compared to untreated controls. 
While uroflowmetry and cystometry endpoints 

Figure 4. PCB exposure during adulthood does not significantly alter base-
line tension prior to electrical field stimulation, carbachol or ATP addition 
or alter maximal contractility to KCl. Ex vivo bladder bath analysis was con-
ducted on bladders from adult female mice. Baseline bladder strip tension 
(g) prior to (A) EFS stimulation, (B) carbachol addition, (C) ATP addition, (D) 
KCl addition. (E) Raw maximum response to KCl. (F) Average mass of bladder 
strips used in ex vivo contractility assays. Results are mean ± SEM n=5-6 
females/group. No significant difference from vehicle control P ≤ 0.05 as 
determined by one-way ANOVA (A-C, E) or Kruskal Wallis test (D, F).

together these data provide 
evidence that PCBs influence 
the strength of contraction to 
a given stimuli and also influ-
ence the magnitude of change 
upon increasing strength of 
stimuli. Further, these data 
provide evidence that sensa-
tion to bladder contractile 
stimuli may be disrupted by 
PCB exposure in a dose de- 
pendent manner and further 
may be influenced by the type 
and concentration of contrac-
tile stimuli. 

PCB exposure in adult female 
mice causes no significant 
differences in bladder volume 
or mass but does decrease 
bladder muscle thickness

To investigate morphological 
differences due to PCB ex- 
posure, bladder volume and 
mass were assessed in adult 
female mice. No statistically 
significant differences were 
found in bladder volume or 
mass between the dosage 
groups, both before and after 
being normalized to body 
mass (Figure 7). To investi-
gate anatomical differences 
at the tissue level, smooth 
muscle thickness was ass- 
essed in bladder sections 
(Figure 8A). A statistically sig-
nificant decrease in bladder 
smooth muscle thickness was 
observed in the 1 mg/kg/d 
PCB group in comparison to 
control group (Figure 8B). 
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Figure 5. PCB exposure during adulthood increases contractility in response 
to electrical field stimulation at 1 mg/kg/d dose. Ex vivo bladder bath analy-
sis was conducted on bladders from adult female mice. (A) Percent maxi-
mal contractile response normalized to baseline for applied electrical field 
stimulation at 1, 2, 5, 10, 20 and 50 hz. (B) Percent maximal contractile re-
sponse normalized to baseline for applied carbachol concentrations (0.01, 
0.03, 0.1, 0.3, 1, 3, 10 uM final bath concentration). (C) Percent maximal 
contractile response normalized to baseline for applied ATP concentrations 
(0.1, 1, 10, 100, 1000 uM final bath concentration). Results are mean ± 
SEM n=5-6 females per group. Bar and * indicate significant differences as 
determined by Kruskal-Wallis test followed by Dunn’s multiple comparisons 
(A; B: 0.01, 0.03, 10; C: 0.1, 1, 1000), one-way ANOVA followed by Dunnett’s 
multiple comparisons test (B: 0.3, 1, 3; C: 10, 100), Welch’s one-way ANOVA 
(B: 0.1). EC50 values were generated from nonlinear fit best fit values from 
log agonist vs. response curves within Prism. 

were unchanged, VSA analysis 
revealed an increase in medi-
um 2-3 cm2 sized spots in the 
1 mg/kg/d PCB mice com-
pared to vehicle control mice. 
The number of PCB induced 
changes observed in bladder 
contractility in an ex vivo prep-
aration were more pronounc- 
ed compared to in vivo voiding 
physiology assays. PCBs influ-
enced both the strength of 
contraction and sensitivity to 
contractile stimuli in a dose- 
and stimulus-dependent man-
ner. In addition, PCBs decre- 
ased bladder smooth muscle 
thickness in adult female mice 
of the 1 mg/kg/d PCB group 
compared to vehicle control. 
Overall, these studies are the 
first to identify alterations to 
voiding function and bladder 
contractility following adult 
exposure to PCBs in female 
mice.

We have collected evidence 
that PCB exposure in adult fe- 
male mice influences bladder 
contractility in a PCB dose-
dependent manner. Bladders 
of the 1 mg/kg/d PCB group 
showed greater strength of 
bladder contraction upon ele- 
ctrical stimuli, but no change 
or diminished contractility in 
response to cholinergic ago-
nist carbachol. Response to 
EFS mimics nerve evoked  
contraction of the bladder, 
while carbachol targets cho- 
linergic receptor signaling di- 
rectly [64-66]. Increased con-
tractility in response to EFS 
without changes to receptor 
mediated stimulation provides 
evidence that pre-junctional 
changes contribute to the 
effects observed in the 1 mg/
kg/d PCB treatment group. On 
the other hand, bladders of 
the 6 mg/kg/d PCB treatment 
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group displayed increased contractility at low 
concentrations of carbachol but no changes 
with EFS. This suggests the 6 mg/kg/d PCB 
dose may have actions post-junctionally. No 
changes in contractile strength were present 

the differential effects of PCBs and types of 
stimuli on bladder contractility. Bladder con-
traction relies on both myogenic and nerve 
mediated pathways [73]. Functional changes in 
the contractile properties of the muscle itself, 

Figure 6. PCB exposure during adulthood alters sensitivity to EFS, carba-
chol and ATP. Ex vivo bladder bath analysis was conducted on bladders from 
adult female mice. (A) Percent maximal contractile response normalized to 
baseline for applied electrical field stimulation grouped by PCB treatment. 
(B) Percent maximal contractile response normalized to baseline for carba-
chol grouped by PCB treatment. (C) Percent maximal contractile response 
normalized to baseline for ATP grouped by PCB treatment. Results are mean 
± SEM n=5-6 females/group. * indicates significant difference from lowest 
stimuli within each dose group, P ≤ 0.05 as determined by one-way repeated 
measures ANOVA with Dunnett’s multiple comparison test (A: 0, 0.1, 6; B: 
0, 1, 6; C: 0, 1, 6) or Friedman test followed by Dunn’s multiple comparison 
test (A: 1; B: 0.1; C: 0.1).

with ATP. These data suggest 
that PCBs may influence both 
pre-junctional (nerve) and/or 
post-junctional (receptor me- 
diated) pathways responsible 
for contractility and that these 
effects are dependent upon 
PCB dose. 

Opposite effects in response 
to EFS and carbachol observ- 
ed in the 1 mg/kg/d PCB 
group suggests that PCBs can 
have differential impacts on 
the bladder dependent upon 
whether nerve stimulation is 
present or whether the nerves 
are bypassed. This phenome-
non has been observed previ-
ously in rat bladders, in which 
activation of protein kinase c 
(PKC) increased sensitivity to 
EFS but decreased sensitivity 
to carbachol, suggesting that 
PKC activation has different 
effects dependent upon whe- 
ther nerves are bypassed or 
not [67]. While we did not test 
whether PKC signaling is alter- 
ed by PCBs it is an intriguing 
area of future study since PKC 
signaling and bladder contrac-
tility can be greatly influenc- 
ed by intracellular calcium sig-
naling [65, 68, 69]. PCBs can 
increase intracellular calcium 
levels and calcium dependent 
signaling pathways in the 
brain [55, 70, 71]. Whether 
the altered bladder contractil-
ity observed here is influenc- 
ed by fluctuations in calcium 
dynamics or calcium depen-
dent signaling pathways such 
as PKC or any of the other  
calcium dependent channels 
[66, 72, 73] is an area of 
future study. Other possibili-
ties exist which may explain 
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independent of innervation, could also drive 
PCB induced changes in contractility. We also 
cannot exclude the possibility that these types 
of changes could be responsible for the de- 
crease in bladder smooth muscle thickness 
observed in the 1 mg/kg/d PCB group. Lastly, 
other molecules can also influence bladder 
contractility. Examples include serotonin, which 
can increase bladder contractility [64, 74, 75] 
and steroid hormones such as estrogen. 
Estradiol application to guinea pig bladders 
reduces contractile response via activation of 
calcium dependent potassium channels (BK 
channels) [76] and in rabbit bladder strips can 
inhibit spontaneous rhythmic contractions of 
myogenic origin [77]. PCBs can act as endo-
crine disruptors and are capable of influencing 
both serotonin and steroid hormone signaling 
[43, 78-83]. Whether PCB effects on the blad-
der observed here are mediated via complex 
endocrine disruption warrants further study. 

PCB induced changes in endocrine signaling 
could also underlie the observed decrease in 

as flow rate, compliance, void interval, and con-
tractile response to KCL. We did not observe 
any of these changes making obstruction/blad-
der decompensation unlikely at this timepoint 
as a possible cause of the observed decreased 
smooth muscle thickness. 

This study reveals an interesting PCB dose-
effect in adult female mice. The majority of sta-
tistically significant differences were found 
between the control and the 1 mg/kg/d PCB 
group, consistent with other studies which 
found PCBs often elicit biological phenotypes 
in a non-monotonic dose response or in a dose-
dependent manner [40, 41, 55, 56, 86]. While 
likely multifactorial, the varied outcomes at 
each dose could arise from differential recep-
tor activation, signaling pathways and/or in 
metabolizing enzyme abundance which can be 
differentially regulated by PCB exposure [87]. 
Previous research has demonstrated that 
developmental exposure to the A1254 mixture 
of PCBs at the 1 mg/kg/d dose results in 
increased ryanodine receptor (RyR1) expres-

Figure 7. PCB exposure during adulthood does not significantly alter bladder 
mass or volume. Bladder metrics were quantified from adult female mice 
which did not undergo cystometry and include (A) bladder volume, (B) blad-
der volume normalized to body mass, (C) bladder mass, (D) bladder mass 
normalized to body mass. Results are mean ± SEM n=5-11 females/group. 
No significant differences, P ≤ 0.05 as determined by one-way ANOVA (A, B) 
or Welch’s one-way ANOVA (C, D).

smooth muscle thickness in  
1 mg/kg/d PCB bladders  
compared to control. For ex- 
ample, ovariectomized rats 
have decreased bladder wall 
thickness which is restored 
upon estrogen supplementa-
tion [84]. Thus, whether PCBs 
reduce estrogens leading to 
decreased smooth muscle 
thickness and/or altered con-
tractility is plausible. Changes 
in bladder smooth muscle 
thickness can also arise in 
models of bladder outlet ob- 
struction [85]. However, the 
observed decrease in bladder 
muscle thickness observed in 
the 1 mg/kg/d PCB treatment 
group does not likely arise 
from decompensation follow-
ing obstruction for several rea-
sons. First, bladders showed 
no indication of increases in 
volume or mass, which typi-
cally arise in obstruction mod-
els [85]. Second, decompen-
sated bladders typically would 
lead to reduced function and 
changes in parameters such 
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sion in the cerebellum of weanling rats to a 
greater extent compared to the 6 mg/kg/d 
treatment group or control [41]. Interestingly, 
ryanodine receptor upregulation has also been 
linked to lower urinary tract dysfunction induced 
by dioxin, testosterone and estradiol exposure 
in mice [15]. Considering that a subset of PCB 
congeners can bind ryanodine receptors, and 
that the MARBLES PCB mixture used in this 
study has demonstrated affinity for these 
receptors [35], further research into how ryano-
dine receptor activation by PCBs affects lower 
urinary tract function is of significant interest. 

Timing of PCB exposure likely impacts pheno-
types associated with the lower urinary tract. 
For example, in utero and lactational exposure 
to the same doses and mix of PCBs used here, 
led to young adult mouse offspring with in- 
creased number of small urine spots (up to  
0.1 cm2), decreased stream rating, decreased 
intervoid interval or increased voiding pressure 
in a dose and sex-dependent manner [17].  
The current study focusing on PCB exposure 
only during adulthood in female mice, did not 
observe any of those effects, instead found an 

increase in urine spots in the 2-3 cm2 size  
category. Together, these findings follow an 
observed trend in which effects of PCBs on 
adult animals exposed prenatally versus those 
exposed only after birth can differ or even be 
modified based on whether animals saw both a 
developmental and postnatal exposure [43, 
44]. While many effects linked to PCB exposure 
occur in offspring exposed developmentally, 
effects are also seen in rodent models expos 
ed in adulthood [88] or upon acute exposure in 
adult tissues. For example acute application of 
PCBs to adult rat uterine tissue ex vivo can 
increase contractions [89]. PCB effects on 
physiology during adulthood exposure are 
worth examining as they can independently 
alter physiology in a way that is unique to devel-
opmental exposure alone. Furthermore, know-
ing that humans are typically exposed through 
all stages of life, the fact that adult exposures 
can have unique effects on bladder and could 
interact with developmental exposures in ways 
that we cannot necessarily predict, places an 
importance on studying the interactions of 
developmental versus adult exposures on the 
bladder in the future. While this study only 

Figure 8. PCB exposure during adulthood significantly 
decreases bladder smooth muscle thickness. Bladders 
from adult female mice were collected for histology. A. 
Representative images of H&E stained bladders from 
female mice that did not undergo anesthetized cys-
tometry. B. Quantification of bladder smooth muscle 
thickness. Results are mean ± SEM n=3-6 females/
group. * indicates significant difference from vehicle 
control, P ≤ 0.05 as determined by Kruskal-Wallis test 
followed by Dunn’s multiple comparisons test.
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focused on a 9 week PCB exposure in adult 
female mice as part of a larger study in an 
effort to refine and reduce animal numbers, the 
consequence of longer adulthood PCB expo-
sure, adulthood PCB exposure in combination 
with other factors such as stress or obesity, or 
in adult male mice alone will be beneficial in 
understanding the consequences of lifetime 
PCB exposures. While preventing developmen-
tal exposures may be beneficial for future gen-
erations, for adults currently suffering from 
LUTS this is not of consequence. However, if 
alterations to diet or environment to alter PCB 
exposure in adulthood are feasible to reduce 
LUTS severity or risk, that is of great potential 
significance to the aging population. 

The PCB induced changes in adult female 
mouse bladder contractility observed here are 
of relevance since several human LUTS are 
associated with bladder activity in adult women, 
such as overactive bladder/detrusor instability 
[3, 4, 66, 90-92], or underactive bladder [90, 
93-95]. Complications in urinary continence 
are also prevalent following pregnancy in 
women [96]. Further research will be necessary 
to identify whether any associations between 
PCB exposure and LUTS in women with these 
conditions exist. Nonetheless, understanding 
relevant PCB exposure windows and impacts 
on bladder contractility could help to influence 
exposure monitoring or mitigate risk in suscep-
tible human populations.
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