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Bladder dysfunction, including incontinence, difficulty emptying the bladder, or urgency to urinate is a perva-
sive health and quality of life concern. However, risk factors for developing these symptoms are not completely
understood, and the influence of exposure to environmental chemicals, especially during development, on the
formation and function of the bladder is understudied. Environmental contaminants such as polychlorinated
biphenyls (PCBs) are known to pose a risk to the developing brain; however, their influence on the develop-
ment of peripheral target organs, such as bladder, are unknown. To address this data gap, C57Bl/6J mouse
dams were exposed to an environmentally‐relevant PCB mixture at 0, 0.1, 1 or 6 mg/kg daily beginning two
weeks prior to mating and continuing through gestation and lactation. Bladders were collected from offspring
at postnatal days (P) 28–31. PCB concentrations were detected in bladders in a dose‐dependent manner. PCB
effects on the bladder were sex‐ and dose‐dependent. Overall, PCB effects were observed in male, but not
female, bladders. PCBs increased bladder volume and suburothelial βIII‐tubulin‐positive nerve density com-
pared to vehicle control. A subset of these nerves were sensory peptidergic axons indicated by increased cal-
citonin gene‐related protein (CGRP) positive nerve fibers in mice exposed to the highest PCB dose compared
to the lowest PCB dose. PCB‐induced increased nerve density was also positively correlated with the number
of mast cells in the bladder, suggesting inflammation may be involved. There were no detectable changes in
epithelial composition or apoptosis as indicated by expression of cleaved caspase 3, suggesting PCBs do not
cause overt toxicity. Bladder volume changes were not accompanied by changes in bladder mass or epithelial
thickness, indicating that obstruction was not likely involved. Together, these results are the first to suggest
that following developmental exposure, PCBs can distribute to the bladder and alter neuroanatomic develop-
ment and bladder volume in male mice.
1. Introduction

Bladder function is one of the major factors contributing to quality
of life (Rubin et al., 2016). Common lower urinary tract symptoms
(LUTS) for which patients seek clinical intervention include overactive
bladder, painful urination/urinary tract infection, difficulty emptying
the bladder, and nocturia (Kullmann et al., 2015). Bladder dysfunction
occurs in both men and women, and while common in the aging pop-
ulation, children and individuals with neurodevelopmental disorders
also suffer from LUTS (Kullmann et al. (2015); Santos et al. (2017);
Sakakibara et al. (2008)). The diverse range of symptoms associated
with bladder dysfunction suggests that factors contributing to their
onset and severity are likely multifactorial. Whether environmental
chemicals constitute a class of risk factors for bladder dysfunction is
not well understood, but increasing evidence suggests that environ-
mental factors influence the timing and progression of lower urinary
tract dysfunction associated with prostate disease in mice (Nicholson
et al., 2018; Ricke et al., 2016).

One class of environmental contaminants of concern are the poly-
chlorinated biphenyls (PCBs), which are known to exert adverse
effects on the developing central nervous system (Tsai et al., 2017;
Lyall et al., 2017; Schantz et al., 2003). Although synthesis and use
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of PCBs was banned in the United States in the late 1970’s, PCBs con-
tinue to be detected in serum and tissue from livestock (Sethi et al.,
2017a; Chen et al., 2017) and humans (Lyall et al., 2017; Barmpas
et al., 2020; Klocke et al., 2020; Schantz et al., 2010). This is largely
attributed to their resistance to degradation, as well as continued expo-
sure via products containing legacy PCBs, and exposure to uninten-
tional byproducts from contemporary manufacturing processes, such
as pigment production (Klocke et al., 2020; Hu and Hornbuckle,
2010). Humans are exposed to PCBs primarily via inhalation
(Ampleman et al., 2015) and diet (Chen et al., 2017; Schantz et al.,
2010; Ampleman et al., 2015; Marek et al., 2017; Stewart et al.,
1999). PCBs can have adverse effects on the developing nervous sys-
tem and are linked to impaired cognitive function in children exposed
during early development (Lyall et al., 2017; Schantz et al., 2003;
Eubig et al., 2010). In rodent models, one of the major modes of action
of PCBs in the central nervous system is their ability to enhance den-
dritic complexity, which is in turn linked to decreased performance
in learning and memory tasks (Wayman et al., 2012a, 2012b; Yang
et al., 2009). However, PCB effects on peripheral targets and/or the
peripheral nervous system are not well characterized.

Altered peripheral innervation and/or nerve function play a major
role in the pathogenesis of LUTS and serve as therapeutic targets for
symptomatic treatment (Radomski, 2014). Increased density of affer-
ent sensory nerves expressing calcitonin‐gene related peptide (CGRP)
and substance P are observed in bladders from patients with detrusor
instability compared to patients with no symptoms of frequency or
urgency (Smet et al., 1997). Heightened sensitivity of bladder afferent
nerves to stimuli also contributes to bladder symptoms (Arms and
Vizzard, 2011; Birder et al., 2002; Cockayne et al., 2005;
Schnegelsberg et al., 2010; Silva‐Ramos et al., 2013). Thus, bladder
innervation may be a target by which environmental chemicals act
to alter bladder morphology and function.

PCB exposures have been identified as possible risk factors for neu-
rodevelopmental disorders such as autism (Lyall et al., 2017; Schantz
et al., 2003; Granillo et al., 2019; Pessah et al., 2019; Mitchell et al.,
2012). Children with neurodevelopmental disorders are also at ele-
vated risk of experiencing lower urinary tract symptoms such as incon-
tinence (von Gontard et al., 2011, 2016, 2015a, 2015b; von Gontard
and Equit, 2015; Gubbiotti et al., 2019a, 2019b). Observations that
bladder dysfunction is a common comorbidity of several disorders
linked to PCB exposure strongly support the need for further research
in this area. Whether developmental exposure to PCBs contributes to
changes in bladder structure or function has not yet been examined.
As a first step in addressing this gap, we sought to test the hypothesis
that developmental exposure to PCBs in mice, leads to morphological
changes in bladder, which could contribute to bladder dysfunction. To
test this hypothesis we employ the use of the novel PCB mixture ter-
med the MARBLES (Markers of Autism Risk in Babies – Learning Early
Signs) PCB mixture (Sethi et al., 2019; Rude et al., 2019), which mim-
ics the composition of the most abundant congeners detected in the
serum of women who are at risk of having a child with a neurodevel-
opmental disorder enrolled in the MARBLES study (Hertz‐Picciotto
et al., 2018).
2. Materials and methods

2.1. Animals

All procedures involving animals were conducted in accordance
with the NIH Guide for the Care and Use of Laboratory Animals and
were approved by the University of California‐Davis Animal Care
and Use Committee. C57BL/6J and SVJ129 wild type mice were pur-
chased from Jackson Labs (Sacramento, CA) and crossed to generate a
75% C57BL/6J / 25% SVJ129 genetic background, which was deter-
mined by SNP analysis to match the genetic background of genotypes
2

used previously (Keil et al., 2019). All mice were housed in clear plas-
tic (H‐TEMP Polysulfone) shoebox cages containing corn cob bedding
and maintained on a 12 h light and dark cycle at 22 ± 2 °C. Feed (Diet
5058, LabDiet, Saint Louis, MO) and water (sterile filtered tap water in
hydropacs) were available ad libitum.

2.2. Developmental PCB exposures

Organic peanut butter (Trader Joe’s, Monrovia, CA) and organic
peanut oil (Spectrum Organic Products, LLC, Melville, NY) were used
to orally dose dams with PCB mixture. The PCB mixture includes the
following PCB congeners in the specified proportion [PCB −28
(48.2%), −11 (24.3%), −118 (4.9%), −101 (4.5%), −52 (4.5%),
−153 (3.1%), −180 (2.8%), −149 (2.1%), −138 (1.7%), −84
(1.5%), −135 (1.3%) and −95 (1.2%)] and is termed the MARBLES
PCB mixture because it mimics the top congeners identified in serum
from pregnant women enrolled in the MARBLES cohort (Granillo
et al., 2019; Sethi et al., 2019; Hertz‐Picciotto et al., 2018), a prospec-
tive study of pregnant women in California at increased risk of having
a child with a neurodevelopmental disorder (Hertz‐Picciotto et al.,
2018). PCBs were synthesized and authenticated by the Synthesis Core
of the University of Iowa Superfund Research Program with >99%
purity as reported previously (Sethi et al., 2019). PCBs were dissolved
in peanut oil, and then homogenously mixed into peanut butter using a
bullet blender. Two weeks prior to mating, nulliparous dams were fed
PCBs mixed in peanut butter daily at doses of either 0, 0.1, 1.0 or
6.0 mg/kg/day. These doses were chosen for several reasons. First, sin-
gle PCB congeners or other Aroclor mixtures at these doses have been
shown to result in offspring displaying behavioral abnormalities
including deficits in learning/memory and altered dendrite morphol-
ogy (Wayman et al., 2012b; Yang et al., 2009; Kania‐Korwel et al.,
2017; Klocke and Lein, 2020). This allows for the comparison between
our endpoints and behavioral outcomes (Klocke and Lein, 2020). Sec-
ond, in rodents, these doses lead to levels of PCBs in tissues of devel-
opmentally exposed offspring that generally recapitulate the range of
levels observed in animal and human samples (Yang et al., 2009;
Klocke and Lein, 2020; Chu et al., 2003; Li et al., 2019; Dewailly
et al., 1999; Covaci et al., 2002). Dams were then paired with a male.
Dams continued to be dosed daily throughout mating, gestation and
lactation. After weaning at postnatal day (P) 21 (last day of lactational
PCB exposure), offspring were group housed with other littermates of
the same sex receiving the same dose, prior to collection of tissues at
P28‐31. Animals were not fasted prior to collection and were collected
by individuals blinded to treatment groups throughout the day across
several collection days in a random order, so that not all animals from
a litter were collected consecutively.

2.3. Bladder PCB measurement

Following CO2 euthanasia, whole bladders were removed and
immediately stored at −80 °C until analyzed. A 50 mg aliquot of
pooled bladder tissue was removed, placed in a microtube, and
homogenized in 800 µl acetonitrile using a Geno/Grinder bead homog-
enizer (SPEX SamplePrep LLC, Metuchen, NJ, USA). After tissue
homogenization, the tubes were vortexed, sonicated, and mechani-
cally shaken to facilitate extraction of PCBs. Samples were then cen-
trifuged, and the supernatant collected. The remaining pellet was
resuspended and extracted twice more using a 50/50 solution of ace-
tonitrile and isopropanol; 600 µl of the solution were used for the sec-
ond extraction and 400 µl for the third. During each subsequent
extraction, the tubes were vortexed, sonicated, shaken, centrifuged,
and the supernatant collected. The three supernatants were filtered
through a Phree Phospholipid Removal Plate (Phenomenex Inc., Tor-
rance, CA, USA) to remove proteins and phospholipids and then com-
bined. The combined supernatant was evaporated under nitrogen,
reconstituted in 50 µl isooctane, and centrifuged to remove any
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residue. The resulting supernatant was loaded into an auto‐sampler
vial for GC/EI‐MS/MS analysis.

An eight‐point calibration curve at PCB concentrations of 2.5, 5, 10,
20, 30, 40, 60 and 80 ng/g was prepared by adding PCB analytical
standards (AccuStandard Inc., New Haven, CT, USA) to 50 mg of
brains derived from mice that had not been exposed to PCBs. Quality
control (QC) samples with PCBs added at concentrations of 12.5, 25,
and 50 ng/g were prepared in the same way. Calibrators and QCs, as
well as matrix blanks and reagent blanks, were processed following
the same extraction method as samples. All samples, calibrators,
QCs, and blanks were internal standard‐corrected with a 13C‐labeled
PCB 97 internal standard (Cambridge Isotope Laboratories Inc.,
Tewksbury, MA, USA) at a concentration of 100 ng/g. Extracted sam-
ples were analyzed as previously described (Sethi et al., 2017c; Lin
et al., 2013) using a Bruker Scion triple quadruple mass spectrometer
equipped with a Scion 456‐GC and CP‐8400 auto‐sampler and series
split/splitless injector (Bruker Scientific LLC, Billerica, MA, USA).
The standard curve matrix used brain tissue since this method was
developed for brain tissue, however this extraction method also
worked well for bladders, therefore bladder tissue was run in the same
method as brain tissue. Additionally, brain tissues from these mice are
part of a larger study analyzing PCBs in brain tissue as a forthcoming
publication.

2.4. Immunohistochemistry

Following CO2 euthanasia, whole bladders were fixed in 4%
paraformaldehyde (Sigma St. Louis, MO, w/v diluted in phosphate
buffered saline) overnight, dehydrated in methanol and stored at
−20 °C. Samples were rehydrated, embedded in paraffin, and sec-
tioned to 5 μm thickness. Multiple bladders from each PCB exposure
group were embedded within the same block to ensure the same
region (mid‐bladder) was examined across groups and to decrease
variability in staining. Immunohistochemistry was performed on blad-
der sections as described previously (Abler et al., 2011) using antibod-
ies listed in Table 2. Images were captured using an Eclipse E600 or
Eclipse Ci compound microscope (Nikon Instruments Inc., Melville,
NY) with a Photometrics Dyno CCD camera or DS Ri2 camera (Nikon
Instruments Inc.) interfaced to NIS elements imaging software (Nikon
Instruments Inc.). Imaged areas were selected based on the DAPI or
pan‐epithelial marker, E‐cadherin, channel (i.e. not the channel used
for analysis) to eliminate bias. Multiple images (at least 2–3; encom-
passing the top, middle and bottom of the section) were acquired
per bladder and averaged for analysis. Nerve density was quantified
using Image J as described (Turco et al., 2019). Briefly, within Image
J, the entire stroma or muscle was outlined and saved in the region of
interest manager tool within Image J for analysis. For the suburothe-
lium, a region 10 µm thick was drawn along the entire epithelial bor-
der labeled by E‐cadherin and saved for analysis. The nerve fiber
channel alone was then opened, a threshold applied and the area of
positive pixels within the saved regions was measured using the
analysis‐measure feature of Image J. The threshold remained constant
for the entire batch of images. Quantification of cells positive for ker-
atin 5 (KRT 5) and transforming related protein 63 (P63) as epithelial
differentiation markers, and cleaved caspase 3 as an apoptotic marker,
were performed by an experimenter blinded to group using the cell
counter function in Image J as described (Joseph et al., 2018). Epithe-
lial thickness was determined in KRT 5 positive basal epithelium, KRT
20 superficial epithelium, and total epithelium (base of KRT 5 layer to
top of KRT 20 layer) using the line tool within Image J with three
regions (randomly selected from the top, middle and bottom of the sec-
tion) measured per bladder section and averaged for final value. Mast
cells were stained with Toluidine blue (Sigma). Slides were deparaf-
finized and rehydrated through ethanol washes. A 1% w/v toluidine
blue stock solution was prepared in 70% ethanol. Toluidine blue work-
ing solution was prepared from stock solution, 5 ml into 45 ml of 1%
3

sodium chloride, pH 2.3. Slides were placed in working solution for
3 min, washed, dehydrated and coverslipped. Mast cells were quanti-
fied in all cell layers of the entire bladder section by 2–3 individuals
blinded to conditions, averaged, and normalized to bladder area.
Hematoxylin (Gills, Fisher Scientific, Pittsburgh, PA) and eosin
(Sigma) stain was performed using described methods (Joseph et al.,
2018). Bladder muscle thickness was quantified in images of hema-
toxylin and eosin stained bladder sections. The line tool within Image
J was used to measure the distance from 5 muscle regions spaced
across the entire bladder section, these regions were averaged for
one final value for each bladder as described (Joseph et al., 2018).

2.5. Bladder and urine metrics

Free catch urine was collected into a microcentrifuge tube while
mice were gently scruffed. Urine was collected ~between 10AM and
3PM, 1–2 days prior to euthanasia and frozen. Urine was analyzed
using commercially available kits according to the manufacturer’s
instructions for creatinine (Creatinine Kit 80350, Crystal Chem, Elk
Grove, Il) and protein (Pierce BCA 23225, ThermoFisher, Waltham,
MA). Following CO2 euthanasia, but prior to removing the bladder,
bladder volume was measured using a digital caliper and the volume
calculated as described previously (Nicholson et al., 2012). Bladder
volume measurements were conducted in a blinded manner.

2.6. Statistics

Data were analyzed using GraphPad Prism 6. Significant differ-
ences in concentrations of specific PCB congeners between PCB‐
exposed animals and vehicle control were determined using Kruskal‐
Wallis test followed by Dunn’s multiple comparisons tests. For sum-
mary statistics, samples with non‐detectable values were assigned a
value 1/2 the limit of detection (LOD). Pearson r was used to assess
correlations. For all other endpoints, normality was assessed using
the KS normality test, homogeneity of variance was determined using
Bartlett’s test or Brown‐Forsythe test. Data were transformed (log(y)) if
necessary. A one‐way ANOVA followed by Tukey’s multiple compar-
isons tests were used to determine significant differences between
experimental groups for males and for females. If transformation did
not normalize or result in equal variance, Kruskal‐Wallis test followed
by Dunn’s multiple comparisons tests were used to determine signifi-
cant differences between groups. If data were normal but had unequal
variance Welch’s one‐way ANOVA test followed by Dunnett T3 post
hoc test was used to determine significant differences between groups.
p values ≤0.05 were considered significant. Tests used are indicated in
figure legends. Sample sizes are indicated in each figure legend and
samples were obtained from at least 3 independent litters.
3. Results

3.1. PCBs are detected in bladder tissue of weanling mice exposed to PCB
developmentally

We first sought to determine whether PCBs are distributed to the
bladder of postnatal day (P) 28–31 male mice following developmen-
tal exposure to the MARBLES PCB mix in the maternal diet throughout
gestation and lactation at 0, 0.1, 1, or 6 mg/kg/d, and whether the sum
total of detectable PCBs increases with increasing doses. Table 1 sum-
marizes mean abundance of PCBs in male bladder of P28‐P31 mice –

which corresponds to 7–10 days after the last possible lactational
PCB exposure. 9 of the 12 congeners were above the limit of detection
in at least one sample. There was a significant increase in the sum total
of detectable PCBs in the 1 mg/kg and 6 mg/kg dose groups compared
to vehicle control (Fig. 1; H3 = 11.1, p = 0.0002). Individually, PCBs
28, 52, 118, 138, 153, and 180 were greater in the 1 and 6 mg/kg



Table 1
Mean PCB concentrations in male offspring bladder tissue (ng/g).

Limit of Detection (LOD) PCB Congener [MARBLES PCB mg/kg/d via dam]

0 0.1 1 6

0.096 PCB11 3.42 ± 1.73 1.48 ± 0.21 1.85 ± 0.61 1.85 ± 0.85
0.183 PCB28 1.71 ± 1.62 36.45 ± 15.46 202.62 ± 36* 599.24 ± 313.59*
0.192 PCB52 0.45 ± 0.36 4.95 ± 1.79 18.54 ± 2.27* 60.36 ± 46.34*
0.441 PCB84
0.469 PCB95 0.234 ± 0 0.234 ± 0 0.68 ± 0.44 0.234 ± 0
0.300 PCB101 0.28 ± 0.13 2.43 ± 0.91 10.46 ± 2.04* 24.09 ± 23.09
0.500 PCB118 0.66 ± 0.41 23.70 ± 7.95 119.81 ± 10.14* 811.80 ± 359.49*
1.714 PCB135
0.472 PCB138 0.31 ± 0.08 6.91 ± 1.81 35.76 ± 4.65* 235.13 ± 102.24*
0.714 PCB149
0.418 PCB153 0.43 ± 0.22 20.40 ± 6.27 103.12 ± 10.53* 607.21 ± 264.27*
0.385 PCB180 0.45 ± 0.26 9.80 ± 2.78 53.63 ± 3.76* 309.58 ± 129.67*

∑PCBs 7.95 ± 2.20 106.35 ± 36.25 546.47 ± 35.30* 2649.51 ± 1216.75*

Results are mean± SEM, n = 3–4 pools of bladder tissue per group, for summary statistics samples which had values that were not detected were assigned 1/2 the
LOD value. *Indicates statistically significant from vehicle control p ≤ 0.05 as determined by Kruskal-Wallis test with Dunn's post hoc analysis. Empty cells indicate
that congener was not detected above the stated LOD for any of the samples.

Table 2
Antibodies used in this study.

Primary Antibodies Source Company Catalog # Dilution

Beta-III tubulin Mouse Abcam ab78078 1:250
Calcitonin gene related peptide (CGRP) Mouse Abcam ab81887 1:200
E-cadherin (CDH1) Rabbit Cell Signaling 3195s 1:250
Keratin 5 Chicken Biologend 905901 1:500
Keratin 20 Mouse Dako M701929-2 1:300
Transformation related protein 63 (P63) (4A4) Mouse Biocare Medical CM163 A 1:200
Uroplakin III Mouse Fitzgerald 10R-U103a 1:50
Cleaved caspase 3 (Asp 175) Rabbit Cell Signaling Technology 9661S 1:200

Secondary Antibodies Paired with primary antibody

Anti-Mouse Alexa Fluor 488 Donkey Jackson ImmunoResearch 715-585-150 1:250 Beta-III tubulin
Anti-Mouse Alexa Fluor 594 Donkey Jackson ImmunoResearch 715-545-150 1:250 P63, Keratin 20, Uroplakin III, CGRP
Anti-Rabbit Alexa Fluor 488 Donkey Jackson ImmunoResearch 711-545-152 1:250 E-cadherin
Anti-Rabbit Alexa Fluor 594 Goat Jackson ImmunoResearch 111-516-045 1:250 Cleaved caspase 3, E-cadherin
Anti-Chicken Alexa Fluor 488 Donkey Jackson ImmunoResearch 703-546-155 1:250 Keratin 5
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treatment group compared to vehicle control (Table 1). PCB 101
showed a non‐monotonic response and was only significantly higher
in the 1 mg/kg dose group compared to vehicle control (Table 1). Of
those detected, PCB 11 and PCB 95 were the only two which did not
show a significant difference from control with increasing doses. This
is likely due to the fact that PCB 95 is the lowest proportional PCB
within the mixture and PCB 11, being a lower chlorinated congener,
has a relatively short biological half‐life which likely explains low
levels and no difference across groups 7–10 days post last exposure.

3.2. Developmental PCB exposure does not induce apoptosis in bladder or
alter bladder epithelial composition

PCBs have been linked to apoptosis in the brain (Yang and Lein,
2010) as well as in cultured neurons (Sanchez‐Alonso et al., 2003),
endothelial cells (Lee et al., 2003) and kidney cells (Ghosh et al.,
2010). We, therefore, wanted to address whether PCBs similarly
increase apoptosis in the bladder. Using cleaved caspase 3 as a marker
to label apoptotic cells (Fig. 2A‐B), few apoptotic cells were detected in
bladder stroma and epithelium, and quantitative analyses revealed no
significant differences between groups (Fig. 2C‐D; (C) F3, 18 = 0.3,
p = 0.8, (D) F3, 18 = 0.08, p = 1).

Bladder formation and development in mice occur between embry-
onic days 9.5–14 (Georgas et al., 2015). Since mice were exposed to
PCBs throughout this developmental programming period, we sought
to determine whether PCB exposure alters the cellular composition
of the bladder urothelium. Previous studies have characterized three
4

cell populations that make up the urothelium based on their expres-
sion of unique markers (Joseph et al., 2018; Georgas et al., 2015;
Gandhi et al., 2013). Using a combination of basal (Keratin 5, KRT5,
green) and basal + intermediate (transforming related protein 63,
P63, red) markers (Fig. 3A‐B) we found that PCBs do not alter the per-
centage of total epithelial cells that are basal (KRT5+P63+) (Fig. 3C‐
D; (C) F3, 17 = 0.3, p = 0.8, (D) W3, 7.8 = 1.1, p = 0.4), intermediate
(KRT5−P63+) (Fig. 3E‐F; (E) F3, 17 = 0.5, p = 0.7, (F) H3 = 0.9,
p = 0.8) or superficial (KRT5‐P63‐) (Fig. 3G‐H; (G) W3, 7.6 = 0.2,
p = 0.9, (H) F3, 17 = 1.5, p = 0.2). While we cannot comment on
the lineage of these cells, these data do indicate that urothelial compo-
sition is not disrupted by developmental PCB exposure. Further,
expression of uroplakin III, a product of differentiated superficial cells
which contributes to barrier function (Georgas et al., 2015;
Khandelwal et al., 2009), was observed in all PCB dose groups, indica-
tive of normal bladder urothelial composition (Supplementary Fig. 1).

3.3. Developmental PCB exposure increases bladder volume in male but not
female mice

We next examined whether PCBs have an impact on bladder mor-
phology by measuring bladder volume, changes to which are evident
in several genetic and pharmacological rodent models of lower urinary
tract dysfunction (Nicholson et al., 2018, 2012; Birder et al., 2002;
Gografe et al., 2009; Singh et al., 2007). Developmental PCB exposure
significantly increased bladder volume relative to body mass in male
mice in the 6 mg/kg dose group versus vehicle control (Fig. 4A; F3,



Fig. 1. PCBs are detected in bladder tissue from developmentally exposed
offspring. (A) Mice were exposed to PCBs via the maternal diet throughout
gestation and lactation. PCB concentrations were measured in bladder tissue
from male offspring at postnatal day (P) 28–31. Results are mean ± SEM sum
of the total PCB congeners which were detected in at least one sample,
n = 3–4 pools of bladder tissue per dose group. For samples where the
congener was not detected above the limit of detection, one half of the LOD
value was assigned. *Significantly different from vehicle control as deter-
mined using Kruskal-Wallis test followed by Dunn’s multiple comparisons test,
p ≤ 0.05.
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73 = 3.1, p = 0.03). No changes were observed in female mice
(Fig. 4B; F3, 21 = 0.8, p = 0.5). Obstruction can lead to increases in
bladder volume (Nicholson et al., 2012; Austin et al., 2004). We there-
fore examined whether evidence of obstruction was present in PCB
exposed bladders. During the course of obstruction, the bladder can
undergo an initial phase of compensation, marked by increased blad-
der mass (Nicholson et al., 2012). However, developmental PCB expo-
sure did not alter bladder mass normalized to body mass (Fig. 4C‐D;
(C) F3, 88 = 2.2, p = 0.09, (D) F3, 28 = 0.5, p = 0.7). In prolonged
or severe obstruction, following the compensation phase, the bladder
undergoes decompensation, which is marked by thinning of the
epithelium (Nicholson et al., 2012). To examine whether there was
evidence of bladder decompensation we quantified the thickness of
the basal and superficial epithelial layers as indicated by KRT5 and
Keratin 20 (KRT20) positive cells, respectively (Fig. 5A‐B). PCBs did
not alter the thickness of either of these layers, nor the total epithelial
thickness in male or female bladders (Fig. 5C–H; (C) H3 = 2.3,
p = 0.5, (D) F3, 17 = 0.4, p = 0.8, (E) H3 = 1.7, p = 0.6, (F)
F3, 17 = 1.4, p = 0.3, (G) H3 = 3.3, p = 0.3, (H) F3, 17 = 0.6,
p = 0.6). Finally, we examined bladder muscle thickness as an indica-
tor of either compensation, which could be marked by increased blad-
der wall thickness, or decompensation, which could be marked by a
decrease in bladder muscle thickness. There were no significant differ-
ences in bladder muscle thickness in male or female mice developmen-
tally exposed to PCBs (Supplementary Fig. 2; (B) F3, 18 = 0.9, p = 0.5,
(C) F3, 18 = 0.5, p = 0.7). These results indicate that PCB‐induced
changes in male bladder volume occur in the absence of changes to
bladder mass, epithelial or muscle thickness, and suggest that obstruc-
tion is not likely a key factor.

We also confirmed that PCBs do not cause overt toxicity that could
result in changes in normal kidney function thereby altering urine pro-
duction and bladder volume. Developmental PCB exposure did not sig-
nificantly alter urinary creatinine or protein in male or female
offspring (Supplementary Fig. 3; (A) F3, 21 = 1, p = 0.4, (B)
F3, 13 = 0.8, p = 0.5, (C) F3, 17 = 2.7, p = 0.08, (D) W3, 6 = 0.3,
p = 0.9), consistent with normal kidney function. There were also
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no indications that developmental PCB exposure resulted in an overall
developmental delay in mice, as PCB exposure did not significantly
change male or female body mass (Supplementary Fig. 4; (A)
F3, 96 = 1.8, p = 0.2, (B) H3 = 0.7, p = 0.9).
3.4. Developmental PCB exposure increases nerve fiber density in a sex- and
dose-specific manner in the bladder

We next examined whether histological changes were evident that
might contribute to/result from increased bladder volume observed
with developmental PCB exposure. Bladder innervation is important
in regulating sensory information about bladder fullness and can con-
tribute to changes in volume or sensitivity to filling in mouse models of
stress (Mingin et al., 2015), inflammation (Schnegelsberg et al., 2010)
and aging (Daly et al., 2014). While decreased nerve density is often
observed in obstruction models (Hughes et al., 2019), increased nerve
density is prevalent in patients with neurogenic detrusor overactivity
and increased afferent nerve fibers are linked to incontinence in
women with idiopathic detrusor overactivity (Smet et al., 1997; de
Groat and Yoshimura, 2009; Fowler et al., 2008). Since PCBs are also
known to alter neuronal morphology in the central nervous system
(Wayman et al., 2012b), we examined total βIII‐tubulin positive nerve
fibers (Coelho et al., 2017) as an indicator of overall nerve density in
bladder (Fig. 6A‐B). There was a significant increase in the density of
nerve fibers expressing βIII‐tubulin within 10 µm of the epithelium in
male bladders of the 6 mg/kg PCB group versus vehicle control and
versus 0.1 mg/kg PCB group (Fig. 6C; F3, 18 = 4.5, p = 0.02). There
were no significant changes in female bladders (Fig. 6D; F3, 18 = 0.5,
p = 0.7). When examining the entire stromal area, data approached,
but did not reach, significance, for an increase in the density of nerve
fibers expressing βIII‐tubulin in male 6 mg/kg dose group versus
0.1 mg/kg dose group (overall one‐way ANOVA F3, 18 = 2.7,
p = 0.08, and Tukey’s multiple comparisons test between 6 mg/kg
and 0.1 mg/kg groups had an adjusted p value of 0.05) (Fig. 6E). There
were no differences in stromal area in female bladders (Fig. 6F;
F3, 18 = 0.8, p = 0.5). We next examined the muscle layer. There were
no changes in the density of nerve fibers expressing βIII‐tubulin in
muscle of male or female bladders (Fig. 6G‐H; (G) F3, 18 = 1.4,
p = 0.3, (H) F3, 18 = 0.8, p = 0.5). Overall, effects of PCBs on nerve
fiber density tend to be concentrated in the suburothelial layer within
10 µm of the epithelium, a region that is especially important in sen-
sory function and in regulating voiding dynamics (de Groat and
Yoshimura, 2009; Birder and de Groat, 2007).

Since the suburothelium was the major site of PCB effects on nerve
density, and this region is especially rich in sensory axons (de Groat
and Yoshimura, 2009), we chose to examine the sensory component
of PCB‐induced increases in total nerve density. We determined
whether PCBs specifically influence peptidergic sensory afferent axons
based on calcitonin gene‐related peptide (CGRP) expression (Fig. 7A‐
B). There was a significant increase in the percentage of CGRP‐
positive nerve fibers within 10 µm of the epithelium in bladders of
males in the 6 mg/kg versus the 0.1 mg/kg PCB group (Fig. 7C;
H3 = 7.8, p = 0.05). There were no group differences in female blad-
ders (Fig. 7D; F3, 18 = 0.7, p = 0.5). Similar to βIII‐tubulin, the data
approached, but did not reach, significance for an increase in CGRP
expression within the total stroma (overall one‐way ANOVA
F3, 18 = 2.7, p = 0.08 and Tukey’s multiple comparisons test between
6 mg/kg and 0.1 mg/kg groups had an adjusted p value of 0.06)
(Fig. 7E). There were no differences in female bladders (Fig. 7F;
F3, 18 = 0.7, p = 0.6). Overall, these results indicate peptidergic sen-
sory nerves are increased in bladder suburothelium of the highest ver-
sus lowest PCB dose groups and contribute in part to the increased
overall βIII‐tubulin positive nerve density observed in the suburothe-
lium of male mice that received the highest PCB dose.



Fig. 2. Developmental PCB exposure does not alter apoptosis in the bladder. Mice were exposed to PCBs via the maternal diet throughout gestation and lactation.
Bladders were collected from male and female offspring at postnatal day (P) 28–31 for immunohistochemistry. Representative images of (A) male and (B) female
mouse bladders from each PCB dose group incubated with antibodies targeting cleaved caspase 3 (red) to label apoptotic cells, keratin 5 (KRT5, green) to label
basal epithelium and DAPI (blue) to stain nuclei. (C-D) Quantification of the percentage of total (stromal and epithelial) cells that were immunopositive for cleaved
caspase-3. Results are mean ± SEM, n = 4–6 bladders per group. One-way ANOVA revealed no significant differences. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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3.5. Developmental PCB exposure increases mast cells in a sex- and dose-
specific manner in the bladder

Increased bladder nerve density or afferent activity are often
observed in animal models of inflammation (Schnegelsberg et al.,
2010; Gonzalez et al., 2016; Saban et al., 2011; Vizzard, 2001). To
determine whether local inflammation may contribute to PCB effects
on nerve density, we examined the number of mast cells within the
bladder. Mast cells are often associated with innervation in several tis-
sues including the bladder (Keith et al., 1995), and they are of partic-
ular interest in the bladder as inflammatory mediators implicated in
disease states, including interstitial cystitis (Kleij and Bienenstock,
2005; Bauer and Razin, 2000; Letourneau et al., 1996; Sant et al.,
2007). PCBs have also been linked to activation of mast cell lines
(Lauriano et al., 2012; Narita et al., 2007). Therefore, we determined
whether PCBs alter mast cell numbers within the bladder. Since PCB
changes in nerve density occurred in the lowest and highest concentra-
tions of PCBs, we focused on these groups. There was a significant
increase in the total number of mast cells in the bladders in the
6 mg/kg versus the 0.1 mg/kg PCB group in male but not female blad-
ders (Fig. 8A‐D; (C) F2, 13 = 3.8, p = 0.05, (D) F2, 13 = 1.8, p = 0.2).
We next differentiated between mast cells that were not yet degranu-
lated versus those that were degranulated (Fig. 8F, H insets). There
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were no significant differences in the number of non‐degranulated
mast cells (Fig. 8E‐F; (E) H2 = 5.5, p = 0.06, (F) F2, 13 = 1.2,
p = 0.3); however, there was a significant increase in the number of
degranulated mast cells in the 6 mg/kg versus the 0.1 mg/kg PCB dose
group in male but not female bladders (Fig. 8G‐H; (G) F2, 13 = 4.1,
p = 0.04, (H) F2, 13 = 1, p = 0.4).

There was a significant positive correlation between total mast cell
density and suburothelial βIII‐tubulin positive nerve density in the
bladders among 0.1 mg/kg and 6 mg/kg PCB samples from combined
male and female samples (Fig. 9A). When the sexes were separated,
there was a significant positive correlation between total mast cell
density and suburothelial βIII‐tubulin positive nerve density in male
but not female bladders (Fig. 9B). When analyzed within each dose
group, there was a significant positive correlation between total mast
cell density and suburothelial βIII‐tubulin positive nerve density in the
6 mg/kg PCB dose group only (Fig. 9C). These results indicate a posi-
tive correlation in mast cells and nerve density within the male blad-
ders that was driven by developmental exposure to PCBs at 6 mg/kg.

4. Discussion

To our knowledge, this is the first preclinical evidence that suggests
developmental exposure to PCBs has effects on the bladder. Develop-



Fig. 3. PCBs do not alter bladder epithelial cell composition in developmentally exposed mice. Mice were exposed to PCBs via the maternal diet throughout
gestation and lactation and bladders collected from male and female offspring at postnatal day (P) 28–31 for immunohistochemistry. Representative images of (A)
male and (B) female mouse bladders from each PCB dose group incubated with antibodies targeting keratin 5 (KRT5, green) to label basal epithelium,
transformation related protein 63 (P63, red) to label basal + intermediate epithelium and DAPI (blue) to stain nuclei. Inset illustrates a cell of each type; basal
indicated by the yellow arrowhead, intermediate indicated by the orange arrowhead, and superficial indicated by the white arrowhead. Quantification of the
percentage of total epithelial cells that express (C-D) both KRT5 and P63 (basal), (E-F) P63 alone (intermediate), or (G-H) neither KRT5 nor P63 (superficial).
Results are mean ± SEM, n = 4–6 bladders per group. (C, E, H) One-way ANOVA or (D, G) Welch’s one-way ANOVA or (F) Kruskal-Wallis tests revealed no
significant differences. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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mental exposure of mice to PCBs not only results in dose‐dependent
levels of PCBs detectable within bladder tissue, but also increases blad-
der volume and suburothelial total nerve density in male mice of the
7

6 mg/kg vs control group. Increases in nerve density are coincident
with increases in mast cells, suggesting that inflammatory mediators
may play a role in PCB‐induced effects on the bladder. Together, these



Fig. 4. PCBs increase bladder volume in developmentally exposed male but not female mice. Mice were exposed to PCBs via the maternal diet throughout
gestation and lactation and bladder metrics measured in male and female offspring at postnatal day (P) 28–31. (A-B) Bladder volume normalized to body mass, (C-
D) Bladder mass normalized to body mass. Results are mean ± SEM, n values for vehicle control, 0.1, 1.0, and 6.0 mg/kg/d PCB dose groups, respectively, were
(A-B) Males n = 20,23,18,16; Females 4,7,8,6; (C-D) Males n = 22,26,27,17; Females 4,10,8,10. Samples were obtained from 6 to 8 litters for male and 3–4 litters
for female. *Significantly different from same sex vehicle control as determined by one-way ANOVA with Tukey’s multiple comparisons tests, p ≤ 0.05. A mixed
effects model to control for litter (nested one-way ANOVA in Prism) revealed the same statistical differences.
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results suggest PCBs modulate bladder function. Whether these
changes persist, alter voiding dynamics, or enhance the effect of other
stressors later in life is unknown but readily testable.

Our results suggest that gestational and lactational exposure to the
environmentally relevant MARBLES PCB mixture used here, leads to
detectable levels of PCBs in bladder tissue of exposed male offspring
7–10 days after the last possible lactational exposure, and results in
an increase in total tissue PCB concentration at the 1 mg/kg and
6 mg/kg PCB dose groups compared to vehicle control. This dose‐
dependent increase is consistent with other rodent PCB dosing studies
using Aroclor PCB mixtures or single congeners such as PCB 95 (Yang
et al., 2009; Kania‐Korwel et al., 2015). The dose‐dependent increase
in PCB tissue concentration does not follow a linear relationship with
the dose administered to the dam. This is also observed in other stud-
ies, (Kania‐Korwel et al., 2012, 2008) and the non‐linear relationship
may be in part due to dose‐dependent effects on cytochrome P450
metabolizing enzyme induction (Kania‐Korwel et al., 2012). It can
be difficult to compare tissue concentrations of PCB across studies
due to differences in species studied, PCB congeners analyzed, dosing
mixtures, dosing paradigms, and/or extraction or normalization meth-
ods. However, the dosing paradigm used here results in a range of PCB
concentrations in developmentally exposed offspring mouse bladders
that recapitulates the spectrum of sum total concentrations found in
the environment in tissue from fish (Ashley et al., 2009) to birds
(Levengood and Schaeffer, 2010) to humans (Li et al., 2019;
Jacobson et al., 1990). There are also similarities in single congeners.
Of the more abundant congeners examined in human breast tissue on a
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ng/g wet weight basis, maximum concentrations for PCB 138 (120 ng/
g), 153 (145 ng/g) and 180 (84 ng/g) were between the values
reported here for those congeners in the 1 and 6 mg/kg PCB groups
(Li et al., 2019). Overall, these data suggest that the dosing paradigm
used here results in bladder PCB concentrations in weanling mice that
are environmentally relevant, recapitulating the low and high ends of
the spectrum of PCBs found in biological samples.

PCBs vary in organ distribution, and where the bladder falls in
terms of total tissue burden of PCBs relative to other organs is
unknown. While we did not directly compare the whole bladder tissue
to muscle, liver, or adipose in our study, examining PCB concentra-
tions across tissues in the same animal would greatly help us to under-
stand where bladder falls in the spectrum of PCB tissue body burdens.
This could be of further benefit if bladder concentrations correlate
with other more commonly sampled tissues, making it possible to pre-
dict bladder PCB burden in humans.

The bladder is also a unique target organ in that it not only has a
tissue compartment to which PCBs can distribute from the systemic
circulation, but also functions to store urine that contains PCBs and
their metabolites. Human data indicate that PCBs are not only detected
in urine, but concentrations of PCB 52, PCB 28 and PCB 101 can be
higher in urine compared to blood (urine/blood ratio of 1.6, 1.2,
and 1.6 respectively) (Genuis et al., 2013). While the bladder is effi-
cient in its barrier function to eliminate toxins within the urine, the
contribution of urinary PCBs to the total bladder tissue PCB burden
is unknown. It is especially relevant to examine whether disease con-
ditions such as diabetes, infection or inflammation – which may



Fig. 5. PCBs do not alter bladder epithelial cell thickness in developmentally exposed mice. Mice were exposed to PCBs via the maternal diet throughout gestation
and lactation and bladders collected from male and female offspring at postnatal day (P) 28–31 for immunohistochemistry. Representative images of (A) male and
(B) female mouse bladders from each PCB exposure group incubated with antibodies targeting keratin 5 (KRT5, green) to label basal epithelium, keratin 20
(KRT20, red) to label superficial epithelium and DAPI (blue) to stain nuclei. Quantification of epithelial thickness (microns) of cells that express (C-D) KRT5, (E-F)
KRT20, or (G-H) total epithelium KRT5 + KRT20 layers. Results are mean ± SEM, n = 3–6 bladders per group. (D, F, H) One-way ANOVA or (C, E, G) Kruskal-
Wallis test revealed no significant differences. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 6. PCBs increase βIII-tubulin positive nerve fibers in bladder of developmentally exposed mice. Mice were exposed to PCBs via the maternal diet throughout
gestation and lactation and bladders collected from male and female offspring at postnatal day (P) 28–31 for immunohistochemistry. Representative images of (A)
male and (B) female mouse bladders (epithelium and stroma) from each PCB dose group incubated with antibodies targeting beta III tubulin (β-tubulin, green) to
label nerve fibers, e-cadherin (CDH1, red) to label all epithelium and DAPI (blue) to stain nuclei. Quantification of (C-D) the percent area within 10 µm of the
epithelium with βIII-tubulin positive nerve fibers, (E-F) percent area of stroma with βIII-tubulin positive nerve fibers, (G-H) percent area of muscle with βIII-tubulin
positive nerve fibers. Results are mean ± SEM, n = 4–6 bladders per group. *Significantly different versus same sex vehicle control, bar and * indicate other
significant differences as determined using one-way ANOVA followed by Tukey’s multiple comparisons tests, p ≤ 0.05. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Increased CGRP-positive nerve fibers in bladder of mice developmentally exposed to PCBs at 6 mg/kg vs 0.1 mg/kg. Mice were exposed to PCBs via the
maternal diet throughout gestation and lactation and bladders collected from male and female offspring at postnatal day (P) 28–31 for immunohistochemistry.
Representative images of (A) male and (B) female mouse bladders from each PCB dose group incubated with antibodies targeting calcitonin gene-related peptide
(CGRP, red) to label afferent sensory nerve fibers, e-cadherin (CDH1, green) to label all epithelium and DAPI (blue) to stain nuclei. Quantification of (C-D) the
percent area within 10 µm of the epithelium with CGRP-positive nerve fibers, (E-F) percent area stroma with CGRP-positive nerve fibers. Results are mean ± SEM,
n = 4–6 bladders per group. (D, E, F) One-way ANOVA or (C) Kruskal-Wallis test were used to determine significant differences. (C) Bar and * indicate significant
differences as determined using Kruskal-Wallis test followed by Dunn’s multiple comparisons tests, p < 0.05. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Increased mast cells in bladder of mice developmentally exposed to PCBs at 6 mg/kg vs 0.1 mg/kg. Mice were exposed to PCBs via the maternal diet
throughout gestation and lactation and bladders collected from male and female offspring at postnatal day (P) 28–31. Representative images of (A) male and (B)
female mouse bladders from each PCB dose group stained with toluidine blue to identify mast cells (purple). Quantification of (C-D) total number of mast cells
normalized to bladder area, (E-F) non-degranulated mast cells normalized to bladder area, (G-H) degranulated mast cells normalized to bladder area. Results are
mean ± SEM, n = 4–6 bladders per group. (C, D, F-H) One-way ANOVA or (E) Kruskal-Wallis test were used to determine significant differences. Bar and *
indicate significant differences as determined using one-way ANOVA followed by Tukey’s multiple comparisons tests, p ≤ 0.05. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. βIII-tubulin positive nerve fiber density and mast cells are positively correlated in PCB exposed bladders. Mice were exposed to PCBs via the maternal diet
throughout gestation and lactation and bladders collected from male and female offspring at postnatal day (P) 28–31. Correlation between the percentage area of
suburothelium βIII-tubulin positive versus total mast cells/bladder area for each sample. (A) Both sexes of 0.1 mg/kg and 6 mg/kg PCB groups were combined,
n = 22 samples. (B) For each sex independently, 0.1 mg/kg and 6 mg/kg PCB groups were combined to determine a correlation, n = 10 male PCB samples; n = 12
female PCB samples. (C) Both sexes were combined from each group separately to determine a correlation, n = 10 control samples, n = 12 PCB 0.1 mg/kg/d,
n = 10 PCB 6 mg/kg/d. * indicates significance determined by Pearson r at p ≤ 0.05.
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compromise the bladder’s barrier function – lead to increased bladder
tissue burden of PCBs from the urine and in turn contribute to
increased risk of bladder dysfunction. While we did not observe PCB
effects on apoptosis of bladder epithelial cells, we cannot rule out
the possibility that PCBs trigger necrosis within bladder epithelium
as we did not examine this endpoint. Future studies to address this pos-
sibility could provide insight on whether PCBs can alter barrier
function.

One of the observed phenotypes in our study was an increase in
bladder volume in PCB‐exposed male mice. There are several possible
mechanisms which may contribute to this phenotype. One possible
mechanism leading to this phenotype is bladder outlet/urethral
obstruction (Nicholson et al., 2012; Austin et al., 2004). For example,
in the testosterone and estradiol (T + E2) aging mouse obstruction
model, a severe increase in bladder volume accompanied by a thin-
ning, decompensated bladder, is observed in adult mice after
2–4 months of hormone treatment (Nicholson et al., 2012). However,
in contrast to this model, male mice in the 6 mg/kg PCB dose group
did not have an increase in bladder mass or changes to epithelial or
muscle thickness – endpoints that would suggest remodeling of the
bladder wall or decompensation of the bladder as a result of severe
or prolonged obstruction (Nicholson et al., 2012). Together, these
results indicate that at the time point examined, obstruction is not
likely a key driver of PCB‐induced changes in male bladder volume.
Other interpretations include the possibility that the bladder may have
a greater capacity to hold urine but not to the extent that the bladder
remodels. This may be a phenomenon of the time point examined, and
it is possible that later in life, bladder mass and epithelial thickness
would change, indicative of bladder wall remodeling as a result of pro-
longed increased bladder volume.

Another possible mechanism that may underlie PCB‐induced
increases in bladder volume are changes in neural control of micturi-
tion. Bladder innervation is essential to voiding function, and changes
to nerve density and/or sensory function are commonly observed in
patients with LUTS (Smet et al., 1997; Radziszewski et al., 2009). Typ-
ically, decreased nerve density is seen in rodent obstruction models
with enlarged bladders (Hughes et al., 2019). Here too, our results
are not suggestive of an obstruction model, as we did not observe a
decrease in nerve density, rather, we saw a PCB‐induced increase in
nerve density in males of the 6 mg/kg PCB group compared to sex‐
matched vehicle controls. The observation of increased nerve density
may be functionally linked to increased bladder volume. The increase
in bladder volume may represent an increase in post void residual
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urine, such that incomplete emptying occurs with each void
(Ballstaedt and Woodbury, 2020). Low volume voids or large post void
residual are documented in patients who suffer from detrusor overac-
tivity, neurogenic bladder, detrusor‐sphincter dyssynergia and infec-
tion/cystitis (Ballstaedt and Woodbury, 2020). Patients with spinal
cord injury develop hyperexcitability of bladder afferent nerves, which
can lead to neurogenic detrusor overactivity or inefficient voiding
when bladder and sphincter contraction/relaxation are not coordi-
nated, resulting in detrusor‐sphincter dyssynergia (Fowler et al.,
2008; Ballstaedt and Woodbury, 2020; Ginsberg, 2013). Collectively,
these observations suggest a model in which developmental PCB expo-
sures alter the normal circuitry within the bladder and/or sphincter,
leading to abnormal sensation, contractility and/or uncoordinated
nerve signaling, which result in inefficient voiding. While we did not
test whether there were any changes in nerve activity, this could be
done in the future to understand whether PCB‐induced changes in
nerve density correlate with changes in afferent sensitivity or bladder
muscle contractility. A limitation of the common practice of measuring
bladder volumes post‐euthanasia is that there is no way to determine
the status of the bladder prior to measuring. The use of ultrasound or
post void residual volume measurements in animals undergoing anes-
thetized cystometry will be necessary in our model to determine if
bladder volumes are altered as a result of post void residual urine sec-
ondary to a decrease in voiding efficiency.

In the current study, we cannot rule out the possibility that PCB‐
induced changes in bladder volume are mediated by increases in water
intake. However, several lines of evidence suggest this is not likely a
major contributor. Other studies have found that while PCB exposure
can prevent a rise in central vasopressin (Coburn et al., 2007, 2005) –
this is only observed in a state of dehydration (Coburn et al., 2005).
Further in this same study, basal water intake in rats did not differ
upon treatment with Aroclor 1254 (Coburn et al., 2005). In our study,
concentrations of urinary creatinine and protein were unaltered. While
it is possible that absolute levels of creatinine and protein in the urine
may be higher based on no change in concentration and increased
bladder volume, this effect remains to be determined. On the other
hand, if animals were producing a more dilute urine, we would expect
to see a decrease in urinary creatinine and protein concentration. For
example, in a rat model of fluid homeostasis, treatment with an FGF21
analog results in a 20% increase in water intake, increased urine out-
put and a decrease in urine electrolytes and creatinine (Turner et al.,
2018). In our study, we did not observe PCB effects on body mass,
so if food or water consumption did increase with PCB exposure, it
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was not to a level that altered body mass. Future studies to examine
water intake, vasopressin release, urine osmolality and renal function
will be useful to assess impacts of developmental PCB exposure on
fluid balance.

PCB effects on bladder volume may also be mediated by a behav-
ioral mechanism. Increased bladder volumes are observed in rodent
models of stress. Different stressors can result in increased voiding vol-
ume (fewer, larger voids) (Chang et al., 2009) or increased micturition
frequency of smaller volumes (Mingin et al., 2015, 2014; Tykocki
et al., 2018). Thus the type, severity and duration of stress contribute
to the spectrum of either urine retention (underactivity) or overactive
bladder phenotypes (Mingin et al., 2014). It is also interesting to note
that stress‐induced changes in bladder capacity are not always accom-
panied by changes in bladder mass (Mingin et al., 2014), which is con-
sistent with our observations of male mice developmentally exposed to
PCBs. Further, models of stress‐induced bladder dysfunction can result
in changes to bladder sensory nerve activity (Mingin et al., 2015). For
example, stress increased ex vivo bladder volume and afferent activity
recorded from the pelvic nerve in mice (Mingin et al., 2015). While we
did not measure nerve activity, we did observe increased nerve fiber
density in the suburothelium and increased bladder volume in
response to developmental PCBs. We also observed an increase in
CGRP positive nerves in bladder suburothelium in males of the
6 mg/kg versus 0.1 mg/kg PCB groups. CGRP nerves are linked to
stress‐induced changes in bladder function (Mingin et al., 2015). In
mouse models of stress, expression of the transient receptor potential
cation channel subfamily V member 1 (TRPV1) within CGRP positive
neurons is elevated, suggesting an increase in sensory afferents
(Mingin et al., 2015). Pharmacological inhibition of TRPV1 channels
decreases afferent activity and overactive voiding parameters
(Mingin et al., 2015). Whether our mixture of PCBs increases stress,
alters afferent nerve activity, or alters TRPV1 expression is unknown,
but PCBs have been linked to decreased performance on rodent learn-
ing and memory tasks (Yang et al., 2009) as well as increased anxious
behavior (Elnar et al., 2012). Increased stress may explain effects on
the bladder observed here and may also manifest in changes to voiding
function which are an avenue of future study. Stress related bladder
dysfunction is a major contributor to decreased quality of life and iden-
tifying modifiable risk factors in the environment that could help to
identify individuals at risk or provide more effective targeted therapies
to improve bladder control are necessary.

PCBs are known to induce inflammatory responses in other tissues
(Rude et al., 2019; Bell et al., 2018; Petriello et al., 2018a, 2018b) and
changes in nerve density and increased afferent sensitivity are
observed in states of bladder inflammation (de Groat and
Yoshimura, 2009). Thus, it is possible that the increase in nerve den-
sity we observed in the bladder is in part mediated by an inflammatory
response at some point in time. This is also supported by the finding of
increased number of mast cells in the bladder of 6 mg/kg PCB dose
group compared to the 0.1 mg/kg dose group. This is of interest
because mast cells can serve as a link between the immune and ner-
vous system both in health and disease (Kleij and Bienenstock, 2005;
Letourneau et al., 1996). Many tissues, including the bladder, exhibit
mast cells and nerves in close proximity (Keith et al., 1995; Kleij and
Bienenstock, 2005; Bauer and Razin, 2000). This is especially true in
patients with interstitial cystitis (Sant et al., 2007; Ratliff et al.,
1995). PCBs have been linked to increases in mast cells in intestine
of fish (Lauriano et al., 2012), and PCBs have been shown to induce
degranulation in mast cell lines through mechanisms involving estro-
gen receptor alpha (Narita et al., 2007). This is especially interesting
since PCB 28 is a major constituent of the mixture used here and has
been shown to have estrogenic activity (Plíšková et al., 2005).
Whether the observed changes in mast cells observed here are elicited
by estrogenic actions of PCBs is an area of future study. Further,
whether PCB‐induced increases in mast cells and nerve density con-
tribute to changes in voiding function are unknown but this possibility
14
is of clinical significance because several LUTS such as painful bladder
syndrome/interstitial cystitis and overactive bladder exhibit abnormal
sensory signaling and inflammation.

The ability of environmental chemicals, especially during develop-
ment, to impact urinary function throughout life is an area of increas-
ing interest (Ricke et al., 2016; Taylor et al., 2020; Turco et al., 2020).
Others have found links between 2,3,7,8‐tetrachlorodibenzodioxin
(dioxin or TCDD) and impaired lower urinary tract function (Ricke
et al., 2016; Turco et al., 2020). This is of interest given that a subset
of PCBs are structurally similar to dioxin and the PCB mixture used
here contains PCB 118 (at 4.9% of mix), which is a dioxin‐like PCB.
Developmental dioxin exposure in mice later challenged with
T + E2 hormones to mimic male aging, exacerbates hormone effects
on bladder mass and collagen density (Ricke et al., 2016), and in wild
type mice increases urine spot number in the void spot assay (Turco
et al., 2020). Additional studies of developmental dioxin exposure
and lower urinary tract function found differential prostate proteomic
profiles with dioxin + T+ E2 vs T + E2 alone (Turco et al., 2020). Of
particular interest was the finding that ryanodine receptor 1 was
upregulated in dioxin T + E2 compared to T + E2 treatment alone
(Turco et al., 2020). The non‐dioxin‐like PCBs, which make up the
majority of our PCB mixture, are known to increase dendritic complex-
ity via sensitization of ryanodine receptors in the central nervous sys-
tem (Wayman et al., 2012b). The role of ryanodine receptor in PCB
effects in the bladder are unknown but readily testable. Further this
raises the intriguing hypothesis that dioxin‐like PCBs may in turn
make the lower urinary tract more susceptible to non‐dioxin‐like PCBs
via upregulation of ryanodine receptor. Understanding the individual
effects of each MARBLES PCB congener on morphology and function
are warranted for informing the risk posed by environmental PCBs
for LUTS.

Sex differences were observed for many of the endpoints altered by
PCBs. This is consistent with other studies that found sex‐dependent
effects of PCBs in rodent liver (Wahlang et al., 2019), bone (Romero
et al., 2017), cultured neurons (Keil et al., 2018; Sethi et al., 2017b)
and in serum cytokine levels in response to immune challenge (Bell
et al., 2018). PCB body burdens differ between male and female fish
samples, with males generally having higher concentrations than
females (Madenjian et al., 2015, 2016, 2017). We did not examine
PCB levels in male compared to female bladder and thus cannot rule
out differences in PCB body burden between the sexes, this is an area
of future study. However, this possibility is not likely a large contribut-
ing factor. Other studies have reported that there are no sex differences
in PCB congener content in the entire carcass of P3 and P7 offspring or
in the blood, brain, liver and muscle of P21 offspring in studies which
used a similar dosing paradigm to the one used here (Kania‐Korwel
et al., 2017). Other rodent studies using Aroclor PCB mixture,
A1254, in a similar dosing paradigm to the one used here also
observed no sex differences in brain PCB content in P62 offspring
(Dziennis et al., 2008). In addition to PCB‐induced changes in steroid
hormones and signaling pathways, sex differences in response to PCB
exposure could also be a result of effects of sex hormones/chromo-
somes on sexually differentiated targets which leads to differential sen-
sitivity to PCBs. Another mechanism leading to sex differences in
response to PCBs could be in PCB metabolism, as was found with
hydroxylated PCB 136 in liver slices, in part due to differential expres-
sion of cytochrome P450 enzymes (Wu et al., 2013; Kato and
Yamazoe, 1992). Since some PCB metabolites have been shown to
have similar or in some cases even more severe adverse effects on cells
or neurons in vitro (Sethi et al., 2019, 2017c), examining the distribu-
tion of PCB metabolites in the bladder as well as any sex‐dependent
changes in metabolism or disposition is an area of future study which
will help us to better understand underlying mechanisms of PCB expo-
sure on bladder morphology and function.

Bladder function is a major factor in quality of life. Evidence that
bladder dysfunction is a common comorbidity in patients diagnosed
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with neurodevelopmental disorders (von Gontard et al., 2011; von
Gontard et al., 2015) coupled with evidence that PCBs may enhance
neurodevelopmental disorder risk (Lyall et al., 2017; Schantz et al.,
2003; Pessah et al., 2019) make it plausible that PCBs alone may con-
tribute to lower urinary tract function. Understanding whether and
how a modifiable risk factor like PCB exposure contributes to bladder
dysfunction in health and disease could greatly improve therapeutic
strategies to prevent, identify and treat patients with bladder
dysfunction.
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