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Abstract: The impact of developmental exposure to environmental chemicals on lower urinary tract function is not 
well understood, despite the fact that these chemicals could contribute to etiologically complex lower urinary tract 
symptoms (LUTS). Polychlorinated biphenyls (PCBs) are environmental toxicants known to be detrimental to the cen-
tral nervous system, but their impact on voiding function in mouse models is not known. Therefore, we test whether 
developmental exposure to PCBs is capable of altering voiding physiology in young adult mice. C57Bl/6J female 
mice received a daily oral dose of the MARBLES PCB mixture for two weeks prior to mating and through gestation 
and lactation. The mixture mimics the profile of PCBs found in a contemporary population of pregnant women. 
Voiding function was then tested in young adult offspring using void spot assay, uroflowmetry and anesthetized cys-
tometry. PCB effects were sex and dose dependent. Overall, PCBs led to increases in small size urine spots in both 
sexes with males producing more drop-like voids and greater peak pressure during a voiding cycle while females 
displayed decreases in void duration and intervoid interval. Together, these results indicate that developmental ex-
posure to PCBs are capable of altering voiding physiology in young adult mice. Further work to identify the underlying 
mechanisms driving these changes may help develop more effective preventative or therapeutic strategies for LUTS. 
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Introduction

Polychlorinated biphenyls (PCBs) are a class of 
persistent organic pollutants that are pervasive 
in the environment due to their resistance to 
degradation and continued production as unin-
tentional byproducts from processes such as 
paint pigment production [1-4]. A major source 
of human exposure occurs though the diet with 
PCBs detected in dietary sources such as milk 
[5, 6], meat, and fish [7, 8]. Despite production 
bans, levels of PCBs in the environment [5, 6, 
8-11] and human tissues [12-17] are still of 
concern and the presence of contemporary 
congeners, which were not produced as a part 
of commercial PCB mixtures prior to manufac-
turing bans [9], warrant continued research 
into their detrimental health effects. For exam-
ple, levels of a contemporary congener, PCB 

11, were found to be high in samples from cat-
tle and pregnant women in California [5, 18, 
19]. The mixture of PCBs used in this study is 
based on the contemporary levels found in the 
MARBLES cohort of pregnant women at risk of 
having a child with a neurodevelopmental dis- 
order and contain both legacy as well as con-
temporary congeners of concern such as PCB 
11 [18, 20, 21]. 

Developmental PCB exposures are associated 
with cognitive deficits in children [22, 23] and 
have been implicated as risk factors for neuro-
developmental disorders such as autism spec-
trum disorder [21, 24-27]. PCBs have also been 
linked to changes in neural structure and con-
nectivity in animal models [28-33]. While the 
developing brain is a major target, other tissues 
are also impacted by PCB exposures. Other tar-
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gets include the intestine and microbiome [34], 
immune system, and inflammatory pathways 
[35-41]. We have recently reported PCB depen-
dent changes in nerve fiber density as well as 
inflammatory cells in the bladder of develop-
mentally exposed juvenile mice [42, 43]. Whe- 
ther PCB exposures contribute to altered void-
ing physiology in mice is unknown and the goal 
of the current study. 

Symptoms such as overactive bladder, inconti-
nence, nocturia, difficulty urinating and re- 
tained urine are significant LUTS that pose a 
serious detriment to quality of life [44]. While 
LUTS tend to increase with age, rates of incon-
tinence are also higher among children with 
neurodevelopmental disorders [45-48]. This 
represents a physical and emotional burden to 
these children, as well as their caregivers [45, 
47, 48]. Understanding whether PCBs could 
impact voiding function in neurotypical individ-
uals, but especially in individuals with neurode-
velopmental disorders, could lead to new more 
effective management or preventive strategies 
since PCB exposures are modifiable. This could 
greatly improve quality of life. Here we test 
whether developmental exposure to PCBs has 
impacts on voiding function when wild type 
mice reach young adulthood. Void spot assay, 
uroflowmetry and anesthetized cystometry are 
used to reveal sex and dose dependent effects 
of PCBs on 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-Ma- 
dison Animal Care and Use Committee. Wild 
type C57BL/6J mice (#000664, Jackson Labs, 
Bar Harbor, ME), were used in this study. All 
mice were housed in clear plastic cages con-
taining corn cob bedding and maintained on a 
12 h light and dark cycle at 22 ± 2°C. Feed 
(Diet 2019 (breeder) and 2020x, Teklad, 
Indianapolis, IN) and water were available ad 
libitum.

Developmental PCB exposures

Female nulliparous adult mice were dosed oral-
ly daily with the MARBLES PCB mixture or vehi-

cle control for two weeks prior to mating and all 
through gestation and lactation as described 
previously [35, 42]. The MARBLES PCB mixture 
and doses used (0.1, 1 and 6 mg/kg/day) were 
chosen since this mixture mimics the propor-
tion of PCBs found in a contemporary cohort of 
pregnant women at risk of having a child with  
a neurodevelopmental disorder [20] and the 
doses result in PCB levels in offspring relevant 
to human concentrations [42, 49, 50]. PCBs 
were synthesized and authenticated by the 
Synthesis Core of the University of Iowa 
Superfund Research Program with > 99% puri-
ty as reported previously [18, 50]. PCBs were 
dissolved in organic peanut oil (Spectrum 
Organic Products, LLC, Melville, NY), and mix- 
ed into organic peanut butter (Trader Joe’s, 
Monrovia, CA) for oral consumption, vehicle 
contained peanut oil in peanut butter only. 
Male and female offspring were weaned at 
postnatal day (P) 21 and group housed with 
same sex and dose littermates until collection. 
Urine specific gravity was determined from free 
catch urine prior to testing by refractometry 
(Vet360-Check digital refractometer, feline set-
ting, Reichert Technologies, Depew, NY). Order 
of testing was void spot assay (VSA), uroflowm-
etry, and anesthetized cystometry. Testing was 
carried out at the same time of day and for cys-
tometry, which can only accommodate 4 mice 
per day, mice were randomly counterbalanced 
to start in the AM or PM. Mice were collected  
as part of a larger study so not all mice which 
underwent VSA (non-invasive) also underwent 
anesthetized cystometry (terminal and for 
which bladder cannot be collected for other 
endpoints such as histology). At the end of the 
study, mice were euthanized with CO2 or 
isoflurane. 

Void spot assay (VSA)

VSA was conducted using best practices as 
described previously [51, 52]. Briefly mice  
(43.1 ± 1.4 days old, n = 14-24 per group 
derived from 5-7 dams) were acclimated to the 
testing room for at least 1 hour prior to start- 
ing. A 3 MM chromatography paper (057163E, 
Fisher Scientific) was placed in the bottom  
of an empty plastic mouse cage. Mice were 
placed into the cage and had access to food 
but not water during the 4-hour testing period. 
Filter papers were allowed to dry and were then 
imaged under UV light. VSA analysis was per-
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formed using the Void Whizzard freely available 
analysis software [52] designed for Image J 
using default parameters by an individual blind-
ed to treatment conditions. 

Uroflowmetry

Uroflowmetry was conducted as described 
using Void Sorcerer open access design and 
software [53]. Briefly, uroflowmetry was per-
formed in the same room as VSA testing and 
mice (45.9 ± 2.3 days old, n = 13-24 per group 
derived from 5-7 dams) were acclimated for at 
least 1 hour prior to testing. Mice were placed 
into uroflowmetry chambers for a 4-hour test-
ing period with access to water but not food. 
Uroflow data was analyzed by an individual 
blinded to treatment conditions. Only urine 
events which did not hit the bars of the grid 
floor were used in analysis. To determine a 
stream rating a scale from 1-3 was used where 
1 was a drop pattern void and 3 was a strong 
stream void. Urine mass was converted to  
urine volume by dividing the change in urine 
mass by 1.0046 g/ml. Flow rate was then cal-
culated as change in volume over change in 
time for urine events. 

Cystometry

Anesthetized cystometry was performed es- 
sentially as described previously [54]. Mice 
(49.4 ± 2.7 days old, n = 6-14 per group de- 
rived from 3-7 dams) were anesthetized with a 
subcutaneous injection of urethane (AC32554- 
0500, Fisher) at a dosage of 1.43 g urethane/
kg mouse. Mice were dosed using a fresh stock 
solution of urethane in saline at 86 mg/ml. 
Mice were placed back into cages for at least 
30 min prior to beginning surgery. The abdo-
men was opened and a purse string suture (6- 
0 Silk, 501180809, Fisher) placed in the dome 
of the bladder. PE-50 tubing (NC9140178, 
Fisher) was used as a catheter and placed into 
the dome of the bladder using a 25 G 1.5 in 
needle. The needle was removed and the purse 
string suture tied around the catheter. The  
body wall and skin were closed with a suture 
and the mouse was allowed to recover on a 
heating pad for ~60 min. Following recovery, 
mice were connected to an in-line pressure 
transducer and infusion pump. Saline was 
infused at a rate of 0.8 ml/hr and pressure 
recorded using an MLT844 physiological pres-
sure transducer (ADInstruments) connected to 

an FE221 Bridge Amp (ADInstruments) with a 
Power lab 2/26 (PL2602) data acquisition sys-
tem. Cystometrograms were recorded and  
analyzed using LabChart software (ADIns- 
truments). Recordings were conducted for ~1 
hour or until a steady pattern was achieved.  
For data analysis 5 consecutive voids were 
analyzed and averaged per animal and were 
selected by an individual blinded to treatment 
conditions. Parameters measured are describ- 
ed in detail previously [54] and include void 
duration (time between threshold pressure  
and baseline pressure after a void), void inter-
val (time between baseline pressure to base-
line pressure during a void cycle), normalized 
threshold pressure (threshold pressure - base-
line pressure), normalized peak void pressure 
(peak void pressure - baseline pressure), non-
voiding contractions (spikes in pressure before 
a void not leading to release of urine) and com-
pliance (infused volume/change in pressure 
(threshold-baseline)).

Statistics

Statistics were run using GraphPad Prism soft-
ware version 9.2. Data were assessed for nor-
mality and variance. Normal data were as- 
sessed using one-way ANOVA followed by 
Dunnett’s multiple comparison test. If data 
failed to pass normality, log transformation  
was applied followed by one-way ANOVA and 
Dunnett’s multiple comparison test, if transfor-
mation failed to restore normality data were 
assessed using Kruskal Wallis test followed by 
Dunn’s multiple comparisons test. If data were 
normal but did not display equal variance, a 
Welch’s ANOVA followed by Dunnett’s multiple 
comparison test was used. Two-way ANOVA fol-
lowed by Dunnett’s multiple comparisons test 
was used to determine differences in urine 
spot size distribution in male and female mice. 
Fisher’s exact test was used to determine dif-
ferences in percentage of the frequent spotter 
populations. Sample sizes for each endpoint 
are indicated in the figure legends.

Results

Developmental PCB exposure does not have 
overt effects on pregnancy or litter size

Previous studies demonstrate that MARBLES 
PCB exposure does not change the amount of 
time dams take to become pregnant, however 
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Figure 1. Developmental PCB expo-
sure does not alter litter size, off-
spring body mass or urine specific 
gravity. Female mice were orally 
dosed with PCBs daily for two weeks 
prior to mating and all through ges-
tation and lactation. PCBs did not 
alter (A) the number of days from 
first mating to litter date of birth, (B) 
litter size at birth, or (C) litter size at 
weaning. Developmentally exposed 
male and female offspring were 
weaned at P21 and aged to P47.7 ± 
3.9. PCBs did not alter (D) male off-
spring body mass or (E) female off-
spring body mass. Free catch urine 
was collected from mice prior to col-
lection and a refractometer used to 
measure (F, G) urine specific gravity 
in male and female offspring. Re-
sults are mean ± SEM. (A) n = 13-
15 dams; (B, C) n = 10-15 litters; 
(D, E) n = 29-41 males, n = 27-49 
females; (F, G) n = 12-24 males,  
n = 10-26 females. No significant 
differences were found as deter-
mined by one-way ANOVA, P < 0.05.

this was done in mixed background wild-type 
dams at a different University [35]. Therefore, 
we first confirmed that this same dosing para-
digm in our hands did not alter reproductive 
outcomes in a straight C57Bl/6J wild type 
background. PCBs did not alter the average 
number of days from first mating to litter date 
of birth (Figure 1A). There were no differences 
in the litter size at birth (Figure 1B) and for live 
litters, there was no effect of PCBs on the num-
ber of pups at weaning (Figure 1C). There were 
also no effects of PCBs on body mass in either 
male or female offspring at time of collection 
(Figure 1D, 1E) or on urine specific gravity 
(Figure 1F, 1G). Together these data indicate 
that the PCB dosing paradigm used here does 

not lead to overt health effects on the dam or 
offspring and further that urine concentration 
is not altered by PCB exposure. 

PCB’s influence voiding behavior in a dose and 
sex-dependent manner

Developmental exposure to PCBs resulted in 
significant dose- and sex-dependent difference 
in void spot assay (VSA) parameters in young 
adult mice (Figure 2). The relative frequency of 
urine spot number is presented in Figure 2B, 
2C. There is a considerable rightward shift in 
the urine spot frequency distribution with PCB 
exposed mice more frequently displaying high-
er urine spot counts in both male and female 
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Figure 2. Developmental PCB exposure increases the proportion of frequent spotters and the number of small 
urine spots in male and female offspring. Mice were developmentally exposed to PCBs via the dam and VSA testing 
conducted on young adult male and female mice aged to P43.1 ± 1.4. Images of VSA for both male and female PCB 
dosage groups with urine spots in white (A). Parameters examined following the 4-hour VSA include (B, C) relative 
frequency (in % total), (D, E) frequent spotter percentage defined as 100 or 50+ urine spots, and (F, G) the urine 
spot size distribution. Results are mean ± SEM n = 17-24 males, n = 14-24 females. * indicates significant dif-
ference from vehicle control. P ≤ 0.05 were considered significant. A bar and * indicate significant differences as 
determined by: (D, E) Fisher’s exact test, and (F, G) Two-way ANOVA followed by Dunnett’s multiple comparisons test. 
The second y-axis denotes a change in scale so all data can be visualized on one graph.

mice (Figure 2B, 2C). As mice age, urine spot 
frequency distribution also shifts to the right 

and subpopulations of mice begin to show a 
frequent spotter phenotype, which can be cat-
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Figure 3. Developmental PCB exposure alters urine area and percent urine 
area in center of female mice undergoing void spot assay (VSA). Mice were 
developmentally exposed to PCBs via the dam and VSA testing conducted 
on young adult male and female mice aged to P43.1 ± 1.4. Parameters 
examined following the 4-hour VSA include (A, B) total urine area, (C, D) 
percent of total urine area within center of VSA paper, (E, F) percent of total 
urine area within corners of VSA paper. Results are mean ± SEM n = 17-24 
males, n = 14-24 females. * indicates significant difference from vehicle 
control. P < 0.05 as determined by: (A, D-F) Kruskal Wallis test followed by 
Dunn’s multiple comparisons test, (B) one-way ANOVA followed by Dunnett’s 
multiple comparison test, (C) one-way ANOVA on log transformed data.

egorized as mice which have greater than 50 or 
100 spots at 6 and 9 weeks respectively [51]. 
We examined the number of mice which pro-
duced greater than 50 or 100 urine spots dur-
ing the 4-hour VSA testing period. Develop- 
mental PCB exposure significantly increased 

the percentage of male mice 
which produced more than 
100 spots in the 0.1 (25%)  
and 6 (21%) mg/kg/d dose 
groups compared to vehicle 
control (0%) (Figure 2D). There 
were no PCB effects on the 
number of mice producing 
more than 50 spots in male 
mice as all groups contain- 
ed a percentage of mice with 
this phenotype. However, in 
female mice developmental 
PCB exposure at the 0.1 mg/
kg/d dose group resulted in 
significantly more mice with 
over 50 urine spots compared 
to vehicle controls (Figure 2E). 
We next tested whether devel-
opmental PCB exposure alter- 
ed the size of the urine spots 
produced. In male mice there 
was a significant increase in 
the smallest urine spots (0- 
0.1 cm2) in the 0.1 and 6 mg/
kg/d PCB dose groups and an 
increase in the next smallest 
urine spots (0.1-0.25 cm2) in 
the 6 mg/kg/d PCB dosing 
groups compared to vehicle 
control (Figure 2F). There was 
also a significant increase in 
the smallest urine spots in 
female mice at all PCB dose 
groups compared to vehicle 
control (Figure 2G). Total urine 
area was unchanged in male 
mice but was significantly 
greater in the female 0.1 mg/
kg dose group versus vehicle 
control (Figure 3A, 3B). Mice 
tend to void in corners of the 
paper thus changes in where 
voiding occurs can indicate 
voiding dysfunction [51, 55]. 
The percent urine area in the 
center of the paper following 
PCB exposure was significant- 
ly increased in the female 6 

mg/kg/d dose group compared to vehicle con-
trol (Figure 3C, 3D). The percent area in the  
corners was unchanged by PCB exposure in 
male and female offspring (Figure 3E, 3F). 
Together these results indicate that PCBs tend 
to increase the number of small urine spots 
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Figure 4. Developmental PCB exposure decreases the stream rating in the 
male offspring in the 0.1 mg/kg males compared to 0 mg/kg males. Mice 
were developmentally exposed to PCBs via the dam and uroflowmetry test-
ing conducted on young adult male and female mice aged to P45.9 ± 2.3. 
Examined parameters include (A, B) urine stream rating, (C, D) void mass, 
(E, F) void time, and (G, H) flow rate in mL/s. Results are mean ± SEM n = 
15-24 males, n = 13-21 females. * indicates significant difference from 
vehicle control. P < 0.05 were considered significant as determined by: (A, 
B) Kruskal-Wallis test followed by Dunn’s multiple comparisons test, (C) 
Welch’s ANOVA on log transformed data, (D) Welch’s ANOVA, (E, H) One-way 
ANOVA on log transformed data, (F, G) One-way ANOVA.

produced in a sex- and dose- 
dependent manner.

Developmental PCB exposure 
alters voiding stream in male 
mice

We also used uroflowmetry to 
assess voiding function in 
developmental PCB exposed 
mice as it allows for the vis- 
ualization of individual void 
events [53]. However, unlike 
VSA, uroflowmetry is conduct-
ed with mice suspended  
over a scale on a grid, both 
suspension and the grid foot-
ing are known to decrease 
urine spot count [52]. Never- 
theless, there are several 
unique endpoints that can be 
assessed with this method. 
Stream rating was used to 
assess the drop or stream-like 
pattern of voiding during a 4- 
hour testing period. PCB expo-
sure decreased the stream rat-
ing - thus mice produced more 
drop like voids - in male mice 
exposed to the 0.1 mg/kg PCB 
dose compared to vehicle con-
trol (Figure 4A). There were no 
significant changes in this 
parameter in female mice or in 
void mass, void time or flow 
rate for males or females 
(Figure 4B-H). 

Developmental PCB exposure 
acts in a sex- and dose-
dependent manner to alter 
parameters of voiding in mice 
undergoing anesthetized 
cystometry

In order to remove behavioral 
components of voiding, as well 
as changes in voiding that 
occur when mice are elevated 
on a grid (uroflowmetry), we 
also assessed voiding function 
in anesthetized mice using  
cystometry [55]. PCBs altered 
voiding function in a sex- and 
dose-dependent manner. Void 
duration and void interval were 
only altered in female mice, 
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Figure 5. Developmental PCB exposure decreases intervoid interval in female offspring and increases peak pressure 
in male offspring. Mice were developmentally exposed to PCBs via the dam and anesthetized cystometry conducted 
on young adult male and female mice aged to P49.4 ± 2.7. Examined parameters include (A, B) void duration, (C, 
D) intervoid interval, (E, F) normalized threshold pressure (threshold subtracted from baseline pressure), and (G, H) 
normalized peak pressure (peak subtracted from baseline pressure). (I, J) Representative cystometrograms. Results 
are mean ± SEM n = 6-10 males, n = 8-14 females. * indicates significant difference from vehicle control. P < 0.05 
were considered significant as determined by: (A, C, G) One-way ANOVA followed by Dunnett’s multiple comparisons 
test, (B, F) One-way ANOVA followed by Dunnett’s multiple comparisons test on log transformed data, (D, H) Kruskal-
Wallis test followed by Dunn’s multiple comparisons test, (E) Welch’s ANOVA.

with the 0.1 and 6 mg/kg PCB dose decreasing 
these parameters compared to vehicle control 
(Figure 5A-D). In contrast, pressure changes 
were observed only in male mice. While nor- 
malized threshold pressure was unchanged by 
PCBs (Figure 5E, 5F), normalized peak pres-
sure during a void cycle was increased in the 

0.1 and 1 mg/kg PCB dose compared to vehi-
cle control (Figure 5G, 5H). There were no sig-
nificant differences in the number of non-void-
ing contractions or compliance (Figure 6A-D), 
however there was a trend for decreased com-
pliance in female mice of the 6 mg/kg PCB 
dose (Figure 6D). 
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Figure 6. Developmental PCB exposure does not alter non-voiding contrac-
tions and trends to decrease compliance in female offspring. Mice were 
developmentally exposed to PCBs via the dam and anesthetized cystometry 
conducted on young adult male and female mice aged to P49.4 ± 2.7. Ex-
amined parameters include (A, B) number of non-voiding contractions, (C, 
D) bladder compliance (change in volume/change in pressure). Results are 
mean ± SEM n = 6-10 males, n = 8-14 females. P < 0.05 were considered 
significant as determined by: (A, B, D) One-way ANOVA followed by Dunnett’s 
multiple comparisons test, (C) Welch’s ANOVA.

Table 1 summarizes the major PCB effects ob- 
served for each endpoint examined and illus-
trates the sex and dose dependent differences 
in voiding function as a result of developmental 
PCB exposure. Overall PCBs tend to decrease 
spot size, increase frequency and can increase 
peak pressures achieved during a voiding cycle.

Discussion 

In this study, we demonstrate that develop- 
mental exposures to PCBs are capable of alter-
ing voiding behavior in young adult offspring. 
While changes are sex- and dose-dependent, 
the overall phenotype indicates the production 
of smaller, more frequent voids and in male 
mice these are also associated with increases 
in peak pressures achieved during a voiding 
cycle. Together, these data provide evidence 
that voiding can be altered by an environmen- 
tal chemical and that these phenotypes are 
present in young adults - weeks after the last 
possible developmental exposure. The long-
term consequences of these exposures and 

the mechanisms underlying 
these phenotypes are un- 
known but of considerable 
interest for future study as 
these pathways may lead to 
improved treatment strategies 
or therapeutics.

Our findings that developmen-
tal PCB exposure can influ- 
ence voiding function later in 
life are consistent with other 
studies. The persistent organic 
pollutant dioxin, or TCDD, has 
been linked to alterations in 
prostate development, growth 
and altered voiding function in 
mice with aging hormone-
induced urinary dysfunction 
[56-58]. Recently, it has been 
demonstrated that develop-
mental exposure to TCDD is 
sufficient to alter voiding func-
tion in wild type untreated 
mice including decreasing in- 
tervoid interval [59]. These 
findings are of particular inter-
est as a subset of PCBs are 
classified as dioxin-like based 
on the structural similarity and 
ability to bind the aryl hydro-

carbon receptor (AhR) [9]. In the current study 
we use the MARBLES PCB mixture which con-
tains only one dioxin-like congener, PCB 118, 
which makes up only 4.9% of the mixture. The 
contribution of this dioxin-like congener com-
pared to the remaining non-dioxin like conge-
ners within the mixture on the voiding pheno-
types observed here is not known. However, 
the possibility exists that PCB 118 could have 
effects on the prostate, similar to TCDD, which 
contribute to the voiding phenotypes in male 
mice. On the other hand, there is evidence to 
suggest this is not the main driver of the 
observed phenotypes. First, PCB effects of 
increasing small diameter urine spots occur in 
both males and females. As female mice do  
not have appreciable prostate, it is unlikely the 
prostate is the main driver of this phenotype. 
Second, TCDD exposure caused a decrease in 
intervoid interval in wild type male mice and no 
change in peak void pressures [59], in our 
study, PCBs did not change intervoid interval in 
male mice but did significantly increase peak 
void pressure - this is the opposite phenotype 
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Table 1. Summary of developmental PCB exposure effects 
on voiding

Endpoint
[MARBLES PCB mg/kg/d]

0.1 1 6 
Urine Specific Gravity - - -
Number of small urine spots (0-0.1 cm) ↑, ↑ ↑ ↑, ↑
Number of small urine spots (0.1-0.25) - - ↑
Number of larger urine spots (0.25-4+) - - -
Urine area (cm2) ↑ - -
Percent Urine Area in Center (cm2) - - ↑
Percent Urine Area in Corners (cm2) - - -
Stream Rating ↓ - -
Void Mass (g) - - -
Void Time (s) - - -
Flow Rate (ml/s) - - -
Void Duration (min) ↓ - ↓
Intervoid Interval (min) ↓ - ↓
Normalized Threshold Pressure (mmHg) - - -
Normalized Peak Pressure (mmHg) ↑ ↑ -
Nonvoiding Contractions - - -
Compliance (mL/mmHg) - - -
Statistically significant changes (P < 0.05) are indicated by blue arrows for 
males, and pink arrows for females relative to sex-matched vehicle control. 
Dash represents no statistically significant differences.

observed with the TCDD exposure [59]. The 
precise contribution of each dioxin-like and 
non-dioxin like PCB on the prostate, bladder 
and ultimately voiding function is an area of 
future study. Nonetheless, these findings are 
important as they establish that developmen- 
tal exposures to chemicals such as TCDD and 
PCBs during development can have persistent 
effects on voiding function into adulthood. 

One of the major differences in voiding ob- 
served following developmental PCB exposure 
was an increase in small diameter urine spots 
in both male and female mice. Males exhibited 
this phenotype at the 0.1 and 6 mg/kg dose 
and females at all three doses. This study  
alone cannot determine the underlying mecha-
nisms driving these changes. However, there 
are several factors which could give rise to an 
increase in the number of small urine spots 
including but not limited to; obstruction, detru-
sor overactivity, urethral dysfunction, inconti-
nence, inflammation or behavioral changes. 
The behavioral aspect is interesting in that we 
have previously observed that as mice age, it  
is normal for the number of urine spots to 
increase, with a subset of male mice displaying 
a distinct phenotype of ‘frequent voiding’ which 

may be territorial marking [51]. 
Using parameters of 50+ spots for 
males 6 weeks of age or 100+  
spots for males 9 weeks of age dur-
ing a 4 hour VSA these frequent 
voiding mice were found to repre-
sent 5 and 10% of the population 
respectively [51]. What is striking is 
that with PCB exposure, the fre-
quent voiding phenotype of 100+ 
spots is significantly greater in the 
0.1 and 6 mg/kg PCB groups with 
the percentage of the population 
over 20% - thus even if PCB effects 
are behavioral they lead to these 
changes in the frequent voiding 
phenotype in 6 week old animals 
that is expected of untreated ani-
mals that are at least three weeks 
older.

Changes in bladder contractility 
and/or sensation of filling could  
also contribute to PCB effects on 
voiding function. In mice undergo- 
ing anesthetized cystometry, pres-
sure changes were observed in 
male mice with PCBs increasing the 

peak pressure during the voiding cycle in the 
0.1 and 1 mg/kg PCB groups. This effect was 
not observed in female mice. The greater con-
tractile pressure in males at the 0.1 mg/kg  
PCB dose may void with greater force but they 
still produce more small voids. One possibility 
is that the bladder does not empty with each 
void. It is also possible that obstruction in 
males contributes to the higher pressure void-
ing but with smaller volume voids elicited. 
Obstruction via changes in density to the pros-
tate or urethra could be factors, along with the 
contractile properties themselves of the ure-
thral sphincter or bladder [60-63]. Future rese- 
arch will be necessary to determine the role of 
obstruction via prostatic growth, urethral nar-
rowing, altered bladder/urethral coordination 
and contractility on the phenotypes observed 
here. The possibility of altered sensation or 
nerve evoked contractility is intriguing as we 
have previously demonstrated that develop-
mental PCB exposure can increase total nerve 
fiber density within the submucosa of the blad-
der in 4 week old male mice of the 6 mg/kg 
PCB group [42]. While this is younger than the 
timepoint examine here, it raises the question 
as to whether developmental PCB exposure 
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alters bladder innervation which may contrib-
ute to contractility. This hypothesis is also sup-
ported by the recent evidence that develop-
mental TCDD exposure is capable of increas- 
ing noradrenergic nerve density within the 
prostate and enhances prostate contractility 
into adulthood [56].

The phenotypes induced by developmental 
PCB exposure (small spot size, decreased in- 
tervoid interval) also bear some resemblance 
to those of mouse models of induced inflam- 
mation. For example, cyclophosphamide-indu- 
ced cystitis is associated with more frequent 
urination events and smaller urine spots [64]. 
In addition, cyclophosphamide treated mice 
show decreased intervoid intervals in a simi- 
lar manner to the effect seen in female mice 
developmentally exposed to PCBs [65]. While 
developmental PCB exposures are not likely  
as severe as cystitis models, the underlying 
mechanism of inducing inflammation is possi-
ble. We have previously demonstrated an 
increase in immune cells in younger animals 
(P28) exposed developmentally to the same 
mix of PCBs used here [43]. At the 0.1 mg/kg 
PCB dose CD45+ immune cells were higher in 
the bladder compared to controls [43]. This is 
consistent with small more frequent voids in 
the 0.1 mg/kg treatment groups. Macrophages 
were found to be abundant in PCB groups but 
only in female mice [43] - here only female mice 
showed small urine spots along with decreas- 
ed intervoid interval. Examining inflammation 
as a mediator of some of the voiding pheno-
types observed here is an area of future study.

Voiding patterns are known to differ between 
male and female mice [51, 55], our results  
indicate that PCBs also act on these inherent 
differences to produce sex-dependent effects 
on voiding function (Table 1). While both male 
and female mice display increases in small 
area urine spots, female mice display a signifi-
cant decrease in intervoid interval while males 
had increased void cycle peak pressures and 
had a reduced stream rating assessed via uro-
flowmetry. Sex differences in response to PCBs 
are consistent with others, including recent 
studies using the same PCB mixture, which 
demonstrate sex impacts the effects of PCBs 
on dendrite morphology and behavioral tests  
in young adult mice [49, 66-68]. These data 
further highlight the importance of considering 

sex as a biological variable and understanding 
how PCBs act to confer these phenotypes. 

Dose-dependent effects are also observed in 
voiding parameters examined here and are 
mainly concentrated in the 0.1 mg/kg and the 
6 mg/kg PCB groups (Table 1). When looking 
across voiding assays and doses there are sev-
eral consistent results, for example in male 
mice at the 0.1 mg/kg PCB dose there was an 
increase in small urine spots, decrease in 
stream strength and increase in voiding pres-
sure. Similarly, in female mice at the 0.1 mg/kg 
and 6 mg/kg dose, there was an increase in 
small urine spots, no change in stream rating 
and a corresponding decrease in void duration 
and intervoid interval. On the other hand, there 
were also dose effects which only occurred in 
one voiding assay. In males at the 1 mg/kg  
PCB dose there were no changes in void spot 
size or stream strength, but there was an 
increase in peak pressure. In female mice at 
the 1 mg/kg dose and male mice at the 6 mg/
kg dose group, there was an increase in small 
size spots but no changes in any other param-
eter. These types of non-linear dose responses 
are common for PCBs, including this same mix-
ture [28, 35, 42, 49, 67]. Thus, effects at lower 
doses do not always predict effects at higher 
doses. The underlying mechanisms are not 
understood, but they likely arise from the tar-
geting of different pathways related to signal- 
ing or metabolism. For example, PCBs have 
been shown to upregulate ryanodine receptors 
(RyR), which are responsible for mediating the 
effects of non-dioxin like PCBs in the brain [28, 
29]. In the brain of developmentally exposed 
offspring, an Aroclor mixture of PCBs at the 1 
mg/kg increased RyR1 expression to a greater 
extent than the 6 mg/kg treatment group [28]. 
In the same study, PCBs were also found to 
increase cytochrome p450 content in liver at 
the 6 mg/kg group but not the 1 mg/kg group 
[28]. While it is difficult to compare different 
mixtures of PCBs despite the same doses  
used, it is possible that in our study, PCBs dif-
ferentially upregulate target genes such as 
RyRs or change metabolism (such as Cyp in- 
duction), which could account for some dose 
effects observed. Future study will be neces-
sary to understand these dose-response rela-
tionships. Examination of RyR effects is of  
considerable interest as non-dioxin like PCBs 
are known to bind these receptors, and the 
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MARBLES PCB mix has demonstrated affinity 
for RyRs [18]. RyRs are also important in regu-
lating contractility of the bladder [61, 69] and 
have been shown to be upregulated after  
TCDD exposure in aging mouse models [57]. 
Nonetheless, these results clearly indicate the 
importance of examining a range of doses 
when studying effects of environmental con-
taminants on voiding function. 

Overall, we demonstrate that developmental 
exposure to PCBs can influence voiding phy- 
siology in young adult mice using several ro- 
dent urinary function tests which each can 
reveal unique insight into voiding phenotypes. 
Considering that PCBs can result in effects 
across all tests indicates that PCBs disrupt 
voiding physiology in a sex- and dose-depen-
dent manner. Overall, mice exposed to PCBs at 
the lowest 0.1 mg/kg dose produce smaller 
urine spot voids during the VSA test, a more 
drop-like vs stream pattern of voiding assess- 
ed by uroflow (males), higher pressure voids as 
assessed by cystometry (males) and a shorter 
time between void events as assessed by cys-
tometry (females). A subset of these pheno-
types are also observed in the 1 or 6 mg/kg 
dose. While the mechanisms underlying each 
dose response are an area of future study, the 
phenotype of more frequent or smaller voids is 
reminiscent of phenotypes associated with in- 
continence and overactive bladder. Therefore, 
better understanding of the pathways leading 
to these unique changes may help identify pre-
vention and/or treatment strategies for pa- 
tients suffering from LUTS. Future studies may 
help inform whether decreasing PCB exposures 
in susceptible individuals or during critical win-
dows of development could help prevent LUTS. 
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