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Abstract Oculodentodigital dysplasia (ODDD) is a rare
developmental disease resulting from germline mutations
in the GJAI gene that encodes the gap junction protein
connexind3 (Cx43). In addition to the classical ODDD
symptoms that affect the eyes, teeth, bone and digits, in
some cases ODDD patients have reported bladder impair-
ments. Thus, we chose to characterize the bladder in mutant
mouse models of ODDD that harbor two distinct Cx43
mutations, G60S and I130T. Histological assessment
revealed no difference in bladder detrusor wall thickness in
mutant compared to littermate control mice. The overall
localization of Cx43 in the lamina propria and detrusor also
appeared to be similar in the bladders of mutant mice with the
exception that the G60S mice had more instances of intra-
cellular Cx43. However, both mutant mouse lines exhibited a
significant reduction in the phosphorylated P1 and P2 iso-
forms of Cx43, while only the I130T mice exhibited a
reduction in total Cx43 levels. Interestingly, Cx26 levels and
distribution were not altered in mutant mice as it was
localized to intracellular compartments and restricted to the
basal cell layers of the urothelium. Our studies suggest that
these two distinct genetically modified mouse models of
ODDD probably mimic patients who lack bladder defects or
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other factors, such as aging or co-morbidities, are necessary
to reveal a bladder phenotype.
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Introduction

Overactive bladder (OAB) is a syndrome that affects mil-
lions of men and women worldwide, generally manifesting
itself in some degree of incontinence. Stress-related
incontinence is caused by increased intra-abdominal pres-
sure, resulting from physical activity or coughing/sneezing.
Urge-related incontinence can be subdivided into neuro-
genic and idiopathic types. The neurogenic type is related
to altered afferent and efferent neuronal bladder stimuli,
which is common in conditions such as spinal cord injury,
Parkinson disease and multiple sclerosis (Christ et al.
2003). Idiopathic incontinence has no known pathological
cause (Christ et al. 2003; Miller and Hoffman 2006);
however, there is a growing body of evidence to suggest a
myogenic origin for at least some forms (Brading 1997;
Haferkamp et al. 2004). It has been proposed that altered
gap junctional intercellular communication (GJIC) or cell
signaling may be the cause of idiopathic incontinence,
resulting in an increased sensitivity to acetylcholine or
changes in how cells communicate (Imamura et al. 2009;
Kuhn et al. 2008).

Gap junctions are formed from specialized proteins
known as connexins (Cxs). Six connexins that have oli-
gomerized to form a connexon are delivered to the plasma
membrane, where they can function as a hemichannel or
dock to a connexon from an adjacent cell to form a gap
junction channel (Laird 2006). Hemichannels and gap
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junction channels can selectively pass small molecules of
<1 kDa in size to the extracellular matrix or between
connected cytoplasms, respectively (Alexander and
Goldberg 2003; Evans et al. 2006). The selectivity of a gap
junction channel or hemichannel is highly dependent on its
connexin constituents. The 21 human and 20 mouse con-
nexins all share similar membrane topologies and can
selectively intermix to create a plethora of channel varia-
tions that exhibit unique characteristics (Laird 2005, 2006;
Sohl and Willecke 2003).

In the bladder, the urothelial layer is composed of
transitional epithelium, which acts as a passive barrier
and actively responds to urine composition and bladder
distension (Apodaca 2004). ATP, which is known to be
released from the urothelium, is thought to signal adjacent
urothelial cells and/or bladder nerves through P2X receptor
stimulation within the underlying lamina propria, therefore
acting in both an autocrine and a paracrine fashion
(Apodaca 2004; Cockayne et al. 2000). Both Cx26 and
Cx43 have been localized to the urothelium, although their
roles in bladder function have yet to be elucidated
(Grossman et al. 1994; Haefliger et al. 2002). The lamina
propria, composed of loose fibroelastic connective tissue,
expresses Cx43, which is localized to fibroblasts and
myofibroblasts (Fry et al. 2007; Neuhaus et al. 2007; Sui
et al. 2002; Wiseman et al. 2003). Myofibroblasts have
been shown to be in close proximity with both afferent and
efferent neurons and are therefore thought to aid in bladder
signaling (Sui et al. 2002; Wiseman et al. 2003). The
detrusor layer of the bladder is composed of smooth muscle
cells that express both Cx43 and Cx45, which collectively
act to facilitate bladder contractions (Heinrich et al. 2011;
Ikeda et al. 2007). Specifically, Cx43 has been localized to
the border of smooth muscle cell bundles, suggesting its
importance in the transmission of electrical stimulus from
one muscle bundle to the next, while Cx45 has been
localized to the plasma membrane of cells within the
muscle bundles (Hashitani et al. 2004; John et al. 2003; Sui
et al. 2003).

To date, over 65 mutations in the gene encoding Cx43
have been linked to the rare autosomal dominant disease
oculodentodigital dysplasia (ODDD) (Paznekas et al. 2003,
2009). All mutants examined to date have been shown to
have reduced channel function and to act as dominant-
negatives to the function of coexpressed wild-type Cx43
(Gong et al. 2007; McLachlan et al. 2005; Roscoe et al.
2005). Patients harboring Cx43 mutants share common
clinical characteristics, such as syndactyly and campto-
dactyly of the digits, microdontia, enamel loss, ophthalmic
defects and craniofacial abnormalities (Paznekas et al.
2003, 2009). Bladder defects have been reported in ~ 12 %
of ODDD patients, although the mechanism behind these
defects remains poorly understood (Loddenkemper et al.
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2002; Paznekas et al. 2003, 2009). Although the percentage
of ODDD patients suffering from bladder defects appears
lower than that in the general population at ~17 %
(Abrams et al. 2003), many of these patients develop
bladder defects early in life (Paznekas et al. 2003, 2009), a
trait rarely seen in the general population. Since Cx43 is
broadly distributed throughout the bladder and is thought to
play a critical role in bladder contraction, we hypothesized
that the reason ODDD patients suffer from bladder prob-
lems may be rooted in how specific ODDD-linked mutants
affect the distribution and function of Cx43-based gap
junctions within the bladder. To test this hypothesis, we
employed two heterozygous Cx43 mutant mouse lines
harboring the G60S or I130T mutant (Flenniken et al.
2005; Kalcheva et al. 2007). Upon examination of several
cell types obtained from these mice, all were found to
exhibit reduced Cx43-based GJIC and the mutant proteins
were found to act as dominant-negatives to coexpressed
wild-type Cx43 (Flenniken et al. 2005; Kalcheva et al.
2007; Lai et al. 2006; Manias et al. 2008; Shibayama et al.
2005). In the present study, we examined the distribution
and spatial localization of Cx43 in the bladders of these
two Cx43 mutant mouse lines to assess if Cx43 was per-
turbed in a manner that might suggest the bladder is
functionally compromised.

Materials and Methods
Animals

Animal studies were conducted on two mutant mouse lines
harboring heterozygous mutations, G60S or 1130T, in the
gene Gjal, which encodes Cx43. Therefore, the mice are
expected to translate a 1:1 ratio of mutant to wild-type
Cx43 protein and, thus, genetically match human ODDD
patients. G60S, also known as Gjal’™", mice were sup-
plied by the Centre for Modeling Human Disease, Uni-
versity of Toronto (Toronto, Canada), on a mixed C57BL/
6J and C3H/HeJ background (Flenniken et al. 2005). After
confirming 100 % penetrance of the syndactyly feature
in all mutant mice as determined by PCR genotyping
(Flenniken et al. 2005), genotype determination was com-
pleted by visual inspection of the pups. I130T, also known
as Gja]” 3017 T mice were obtained from Dr. Glenn
Fishman (New York University School of Medicine,
New York, NY). These mice, which were on a mixed
CD1/C57BL6 background, were further backcrossed onto
a C57BL6 background for an additional one to three gen-
erations. A 100 % incidence rate of syndactyly (n = 203)
in I130T mice was confirmed by PCR genotyping. How-
ever, while syndactyly was found on the front limbs of all
mice, the back limbs did not always exhibit this phenotype.
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Tissue Harvesting and Preparation

Whole bladder, heart and liver samples were collected
from G60S, I130T and wild-type littermate mice at
3 months of age. All mice used in this study were killed
using a carbon dioxide chamber followed by cervical dis-
location, in accordance with the University of Western
Ontario Guide for Care and Use of Laboratory Animals.
Tissue samples assigned to hematoxylin and eosin (H and
E) staining were fixed overnight at 4 °C in 10 % neutral
buffered formalin (NFB) (EMD, Mississauga, Canada),
dehydrated, embedded in paraffin blocks and sectioned
longitudinally at 5-um intervals. Tissue samples assigned
to immunohistochemistry were snap-frozen in liquid
nitrogen; embedded in 10.2 % polyvinyl alcohol, 4.3 %
polyethylene glycol Optimal Cutting Temperature Com-
pound (Sakura, Torrance, CA); sectioned longitudinally at
5 pm thickness; and stored at —80 °C. Tissue samples
assigned to immunoblotting were snap-frozen in liquid
nitrogen and stored at —80 °C for future use.

Histology

To assess the histology of the mouse bladders, 5-um par-
affin-embedded sections from G60S and I130T mice and
their wild-type littermates were stained with H (0.4 %) and
E (0.5 %). Briefly, paraffin-embedded bladder sections
were deparaffinized in xylene, rehydrated in a descending
gradient of ethanol baths and stained with hematoxylin
(5 min), then washed and stained with eosin (5 min).
Sections were then dehydrated in an ascending gradient of
ethanol baths followed by xylene and mounted with Cy-
toseal (Thermo Scientific, Rockford, IL). Bladder sections
were imaged on a Leica (Deerfield, IL) DM IRE2 inverted
microscope equipped with a Micropublisher 5.0 RTV CCD
color, cooled camera. Linear measurements were made
perpendicularly through the detrusor layer using Imagel
software (http://rsbweb.nih.gov/ij/). In total, 405 measure-
ments were made on each of four bladders from G60S and
I130T mice and their wild-type littermates, corresponding
to three slides per mouse, nine sections per slide and 15
measurements per section. Statistical analysis included
standard error and comparison between G60S and 1130T
mice and their wild-type littermates.

Immunofluorescence

To assess the localization of Cx43 and Cx26 in mouse
bladders, hearts and livers, 5-um cryosections from G60S
and I130T mice and their wild-type littermates were first
fixed in 10 % NBF for 30 min at room temperature. Tissues
sections were blocked with 3% BSA (Sigma-Aldrich,
St. Louis, MO) and 0.02 % Triton X-100 in PBS for 45 min

at room temperature. Cx43, Cx26 and actin were all
detected using rabbit anti-Cx43 (2 pg/ml, Sigma C6219),
rabbit anti-Cx26 (0.5 pg/ml; Invitrogen 51-2800; Invitro-
gen, Carlsbad, CA) and mouse anti-phalloidin (2 U/ml,
Invitrogen A12379), respectively. All antibodies were
diluted in PBS containing 3 % BSA and 0.02 % Tween-20
and allowed to incubate on tissue sections for 1 h. After
repeated washings with PBS, tissues were incubated with
secondary anti-rabbit AlexaFluor 555 antibody (4 pg/ml,
Invitrogen A-21428), followed by repeated washings.
Nuclear staining was performed using Hoechst 33342
(10 pg/ml; Molecular Probes, Eugene, OR) for 5 min at
room temperature, followed by a 5-min wash with ddH,O.
Tissues sections were mounted using glass coverslips and
allowed to sit overnight at 4 °C. Tissue sections were
imaged on a Zeiss (Thornwood, NY) LSM 510 Meta
confocal microscope as previously described (Roscoe et al.
2005). Digital images were prepared using Zeiss LSM and
CorelDraw 12 software.

To quantify the percentage of cells in the detrusor layer
of wild-type and G60S mice that exhibited intracellular
Cx43, we randomly selected 10 fields (215 x 215 um)
from immunofluorescently labeled Cx43 bladder sections.
The total number of Cx43-positive cells in the detrusor
layer per field was counted, as was the number of cells that
displayed primarily paranuclear Cx43 staining indicative of
intracellular Cx43. The total number of Cx43-positive cells
was divided by the number of intracellular Cx43-positive
cells from wild-type and G60S mouse bladder sections.
Data are presented as the mean percent of cells displaying
intracellular Cx43 + SEM (**P < 0.01).

Western Blot Analysis

Tissue samples stored at —80 °C were homogenized in
RIPA lysis buffer (50 mM Tris-HCI1 [pH 8.0], 150 mM
NaCl, 1.0 % Triton X-100, 0.5 % sodium deoxycholate, 0.1
% SDS, 1 mM sodium orthovanadate, 1 mM sodium
fluoride), and homogenates were removed from cell debris
via a 10-min, 6,000-rpm centrifugation at 4 °C.

Immunoblotting was performed as previously described
(Gehi et al. 2011) using 10 or 12 % SDS-PAGE. Cx43,
Cx26 and GAPDH were detected using polyclonal rabbit
anti-Cx43 (0.02 pg/ml, Sigma C6219), polyclonal rabbit
anti-Cx26 (0.05 pg/ml, Invitrogen 710500) and polyclonal
mouse anti-GAPDH (1 pg/ml; Millipore, Temecula, CA),
respectively. Primary antibodies were detected using either
anti-rabbit AlexaFluor 680 (0.2 pg/ml, Invitrogen) or anti-
mouse IRDye 800 (1:10,000; Rockland, Gilbertsville, PA)
antibodies. Membranes were developed using an Odyssey
infrared imaging system (LiCor, Lincoln, NE) and ana-
lyzed under unsaturated conditions using Odyssey 2.0.4
software (Licor).
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Fig. 1 G60S and I130T mouse bladders have similar histology and » A Wt

detrusor thickness as their wild-type littermate controls. Paraffin-
embedded bladders were sectioned, stained with H and E and
measured for detrusor thickness. In all mice, bladder histology was
similar between mutant and matched wild-type (Wr) littermate
controls (a, b). Subsequent detrusor measurements revealed that
G60S and 1130T mouse bladders have similar detrusor thicknesses as
their respective wild-type littermates (c¢). Bars 200 pm (a, b), error
bars £ SEM (c¢). n = 4 mice

Statistics

All results were analyzed using Student’s two-tailed inde-
pendent sample #-test, using a P < 0.05 value to denote
significance. All results were analyzed using GraphPad
(San Diego, CA) Prism 4.03 software and are presented as
mean =+ standard error.

Results

G60S and I130T Bladders Have Similar Histology
and Detrusor Thickness as Wild-Type Littermates

Increased detrusor thickness is a known indicator of OAB
syndrome, a condition commonly seen in patients suffering
from bladder abnormalities (Miyazato et al. 2009; Uvelius
et al. 1984). H and E staining revealed that G60S and
I130T mice display similar bladder histology as seen in
wild-type littermate controls, with no disruption in any of
the three bladders layers (Fig. la, b). Subsequent detrusor
measurements revealed that detrusor thickness was similar
between G60S and I130T mutant mice and their respective
wild-type littermate controls (Fig. 1c). It is likely that the
difference in detrusor thickness between wild-type mice
used as controls is due, at least in part, to differences in the
mouse strains.

G60S and 1130T Bladders Have Reduced Levels
of the Highly Phosphorylated Cx43 Species

Previous studies have indicated that total Cx43 levels and
levels of the highly phosphorylated Cx43 species are
reduced in various tissues of the G60S mouse (Flenniken
et al. 2005; Manias et al. 2008; Tong et al. 2009; Toth et al.
2010), while aside from heart, much less is known about
the Cx43 species status in 1130T mice. Western blots were
used to assess the levels and phosphorylation status of
Cx43 in the mutant mouse bladders. As positive and neg-
ative controls, Cx43 was examined in heart and liver
lysates, respectively, from wild-type mice. Cx43 generally
resolves in SDS-PAGE as multiple bands representing
different phosphorylated species (PO, P1 and P2). Immu-
noblotting for Cx43 in lysates from G60S and 1130T mice
and their wild-type littermates revealed low levels in the
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bladder samples of all mice (Fig. 2a—c). Quantification
revealed that total Cx43 levels were reduced in I130T
mice, while levels remained similar in G60S mice
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Fig. 2 G60S and I130T mouse bladders exhibit a reduction in the»

phosphorylated species of Cx43. Cx43 normally resolves as a triplet
band representing different phosphorylated species of Cx43 (PO, P1
and P2), as seen in heart tissue (a). Cx43 was detected in the bladders
of G60S and I130T mutant mice, as well as in wild-type (Wr)
littermate mouse bladders but not in the mouse liver (a). Total Cx43
(PO, P1 and P2) expression was lower in I1130T mouse bladders
compared to littermate controls (b), a condition not observed in G60S
mouse bladders (c¢). Lower levels of the phosphorylated Cx43 species
(P1 and P2) were found in I130T (d) and G60S (e) mouse bladders
compared to wild-type littermates. Nonspecific bands were noted at
~47-50 and ~30 kDa. Bars represent =SEM (b-e). *P < 0.05.
n =5 (I130T mice) and 6 (G60S mice). AU arbitrary units

compared to their wild-type littermates (Fig. 2b, c). Further
analysis revealed that the slower-migrating Cx43 P1 and
P2 species were reduced in both G60S and I130T mice
compared to their wild-type littermates (Fig. 2d, e). These
phosphorylated Cx43 species have previously been corre-
lated with fully assembled gap junction plaques and
channel function. Immunoblotting also revealed nonspe-
cific bands at ~47-50 and ~30 kDa in lysates from all
bladder samples. Although these bands were present in
only the bladder samples, it is unclear as to what they
represent; therefore, they were not quantified.

Cx43 Distribution in the Lamina Propria and Detrusor
Layers of Wild-Type and Mutant Mice

As a result of reduced Cx43 phosphorylated species
detected in bladder lysates of G60S and I130T mice, we
postulated that Cx43 localization and/or distribution may
be disrupted in the bladder. Immunofluorescence revealed
that Cx43 was highly expressed in the lamina propria of
G60S and 1130T mice, similar to their wild-type littermates
(Fig. 3a, b). The Cx43 distribution at sites of cell to cell
apposition in I130T and G60S mice appeared similar to
that found in wild-type littermates (Fig. 3a, b, arrowheads).
However, G60S mice exhibited significantly more intra-
cellular Cx43 distribution, which was not readily detected
in wild-type littermates (Fig. 3a, histogram). Immunoflu-
orescence also revealed that Cx43 was localized to smooth
muscle cells and fibroblasts surrounding smooth muscle
bundles as revealed by F-actin localization in the detrusor
layer of both mutant mice and their wild-type littermates
(Fig. 4a, b). Thus, in both wild-type and mutant mice Cx43
was appropriately positioned in the muscle of the detrusor
layer to allow for regulated bladder contraction.

G60S and 1130T Mouse Bladders Have Similar Cx26
Levels as Wild-Type Littermate Control Mice

The bladder urothelium has previously been shown to
express Cx26, and it is thought to play a role in bladder
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signaling during filling (Ikeda et al. 2007). As controls,
Cx26 was detected in liver lysates, while it was absent in
heart lysates from wild-type mice (Fig. 5a). Cx26 gener-
ally resolves in SDS-PAGE at ~21 kDa, with a dimer
species appearing in the liver at ~35-37 kDa. Immuno-
blotting of Cx26 in bladder lysates from G60S and
I130T mice and their wild-type littermates revealed low
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Fig. 3 The distribution of Cx43 in the lamina propria of wild-type
and mutant mice. Cx43 was localized in the lamina propria of G60S
(a) and I130T (b) mutant mice and compared to wild-type (Wr)
littermate mouse bladder controls. G60S mouse bladders displayed
significantly more intracellular Cx43 (arrows), as opposed to the
punctate distribution (arrowheads) seen in wild-type littermates (a,

levels in all mice (Fig. 5a). Quantification revealed sim-
ilar Cx26 levels in the bladders of G60S and 1130T mice
compared to their wild-type littermates (Fig. 5b, c).
Immunoblotting also revealed nonspecific bands located
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histogram). I130T mouse bladders displayed a similar punctate Cx43
distribution pattern (arrowheads) as seen in wild-type littermates (b).
Uro urothelium, LP lamina propria. Red indicates Cx43, blue
indicates Hoechst nuclear stain. Bars 50 pm. Histogram error bars
represent =SEM. **P < 0.01

at ~32-34 kDa in lysates from all bladder samples.
Although the band was present in only the bladder sam-
ples, it is unclear as to what this band represents; there-
fore, it was not quantified.
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Fig. 4 Cx43 was localized to resident cell types of the detrusor in
G60S and I130T mutant mice and their wild-type littermates. In the
detrusor layer, immunolabeling revealed that Cx43 was predomi-
nantly localized to cells of connective tissue surrounding smooth
muscle bundles and smooth muscle cells in G60S (a) and I130T

Cx26 Is Localized to Intracellular Compartments
in the Basal Urothelium of Mutant Mice and Wild-Type
Littermates

Immunoblotting revealed that Cx26 levels remain similar
between wild-type and mutant mice; however, it was
unclear if Cx26 localization and/or distribution were altered.

Anti-F-Actin

(b) mice and their respective wild-type (Wr) littermates. Cx43
displays punctate structures (arrowheads) in G60S (a), I1130T (b) and
wild-type littermates. Red indicates Cx43, green indicates F-actin,
and blue indicates Hoechst nuclear stain. Bar 50 pm

As a positive control Cx26 was clearly detected at the cell-
cell apposition of liver hepatocytes (data not shown).
Immunofluorescence revealed that Cx26 was predominantly
localized to the basal urothelium in G60S and 130T mutant
mice and their wild-type littermate controls (Fig. 6a, b).
Surprisingly, Cx26 was localized to intracellular locations
and not, as expected, to intercellular boundaries.
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Fig. 5 G60S and I130T mutant mouse bladders have similar Cx26
levels as wild-type littermates. Cx26 generally resolves at ~21 kDa,
with the dimer resolving at ~37 kDa as seen in liver lysates (a).
G60S, 1130T and wild-type (Wr) littermate mouse bladders were all
positive for Cx26 expression (a). Total Cx26 expression was similar
in I130T and G60S mice and their wild-type littermates (b, ¢). A
nonspecific band located at ~32-34 kDa was noted. Bars repre-
sent =SEM (b, ¢). n = 5 (I130T mice) and 6 (G60S mice)

Discussion

GJIC is thought to contribute to normal bladder function by
allowing for coordinated contraction and ejection of urine
from the bladder lumen (Fry et al. 2007; Hashitani et al.
2004; Neuhaus et al. 2007; Sui et al. 2002). Cx43 is the most
prevalent connexin expressed in the bladder as it is found in
both the lamina propria and the detrusor layer (Fry et al.
2007; Neuhaus et al. 2007; Sui et al. 2002, 2003; Wang et al.
2006). Therefore, any alteration in Cx43 function may ulti-
mately lead to bladder defects. ODDD patients are prime
candidates for dysfunctional bladders as Cx43 function in the
bladder is expected to be well below 50 % given that these
patients harbor loss-of-function Cx43 mutants that domi-
nantly inhibit coexpressed wild-type Cx43 (Churko et al.
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2011; Flenniken et al. 2005; Manias et al. 2008; Tong et al.
2009; Toth et al. 2010). Bladder impairments in ODDD
patients often do not manifest until the second half of life
(Goepel et al. 2010), long after the original diagnosis of
ODDD. However, other ODDD patients suffer from bladder
defects at a young age, a condition rarely found in the general
population (Paznekas et al. 2003, 2009). It remains possible
that the number of ODDD patients with bladder impairment
is under-reported as symptoms may not be archived as an
ODDD-associated disease. It is also not clear if only some
ODDD-associated Cx43 mutations result in bladder
impairments and whether the location of the mutation, the
resulting amino acid change and/or the patient’s genetic
background all contribute to the development of bladder
impairment. Adding to the complexity, it is further unclear if
bladder abnormalities reported by ODDD patients are due to
neurogenic or myogenic defects (Christ et al. 2003; Haefliger
et al. 2002). In the present study we assessed connexin status
in the bladders of two genetically distinct Cx43 mutant
mouse models of ODDD (G60S and 1130T) and found that
mice harboring systemic Cx43 mutants have an anatomically
and histologically normal bladder even though Cx43 exists
primarily as a species that is incompletely phosphorylated.

Characterization of Cx43 in the Bladder of G60S
and 1130T Mutant Mice

Bladder abnormalities have been reported in ~12 % of
ODDD patients and, in a couple of cases, have been puta-
tively linked to neurological defects (Paznekas et al. 2003,
2009). However, there is increasing evidence that suggests
some bladder abnormalities are the result of myogenic
defects (Christ et al. 2003; Haefliger et al. 2002). Past reports
have localized Cx43 within the lamina propria and detrusor
layers of the bladder, and other studies have linked Cx43-
based gap junctions to various bladder syndromes (Christ
et al. 2003; Mori et al. 2005; Neuhaus et al. 2007). It there-
fore remains possible that ODDD mutants which disrupt
Cx43 function (Churko et al. 2011; Dobrowolski et al. 2007;
Flenniken et al. 2005; Manias et al. 2008; Shibayama et al.
2005; Tong et al. 2009; Toth et al. 2010) may ultimately
affect bladder function. In order to assess this possibility, we
examined two Cx43 mutant mouse lines, G60S and 1130T,
both of which have been shown to phenotypically resemble
ODDD patients (Flenniken et al. 2005; Kalcheva et al. 2007,
Langlois et al. 2007; Toth et al. 2010); but it is unknown if
they suffer from incontinence or any bladder abnormalities.
Importantly, both mutant mice are predicted to possess a 1:1
ratio of mutant to wild-type Cx43, matching the genotype of
human ODDD patients. As well, the two mutant mouse lines
were generated on different genetic backgrounds, more
readily mimicking the diverse genetic background of ODDD
patients. Previous studies revealed that both mutant mouse
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Fig. 6 Cx26 was localized to intracellular compartments of basal
urothelial cells of mutant and wild-type (Wf) mice. Immunolabeling
revealed that Cx26 was localized to intracellular compartments of the

lines have altered tissue function and/or development
(Flenniken et al. 2005; Kalcheva et al. 2007; Langlois et al.
2007; Toth et al. 2010); however, no studies have assessed
the connexin status within the bladder. Here, we aimed to
determine the connexin localization and expression profile
as possible indicators of altered bladder function.

One of the simplest indicators of OAB syndrome is
detrusor hypertrophy (Miyazato et al. 2009; Uvelius et al.
1984). Assessment of mutant mice and their wild-type
counterparts revealed anatomically similar bladders as no
differences were observed in the appearance or thickness of
the detrusor layer. Within the lamina propria, we found
Cx43-positive staining in all mice localized to a combi-
nation of fibroblasts and myofibroblasts. Myofibroblasts, in
particular, are important in forming a functional syncytium
for the rapid transmission of chemical and electrical
stimuli, required for normal bladder function (Fry et al.
2007; Sui et al. 2002; Wiseman et al. 2003). Cx43 in the

Anti-Cx26

basal urothelium cells in all mice (a, b). Uro urothelium, LP lamina
propria. Red indicates Cx26, and blue indicates Hoechst nuclear stain.
Bar 50 pm

detrusor is thought to mediate the propagation of action
potentials from one smooth muscle bundle to the next,
allowing for a uniform bladder contraction (Hashitani et al.
2004). Our results revealed that while wild-type and all
mutant mice displayed punctate, gap junction-like struc-
tures, G60S mutant mice frequently displayed a more dif-
fuse intracellular Cx43 expression profile. This localization
profile correlated with a reduction in the highly phos-
phorylated Cx43 species (P1 and P2), known to be
important in gap junction plaque formation and GJIC
(Solan and Lampe 2009). Interestingly, the I130T mouse
bladders also exhibited a reduction in the highly phos-
phorylated Cx43 species, as well as reduced total Cx43
protein levels. Thus, we conclude that in both mutant
mouse lines Cx43 does not likely form a complete com-
plement of fully assembled functional gap junctions in the
resident cells of the bladder, not unlike what is seen in
other cell types that express ODDD-linked Cx43 mutants
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(Churko et al. 2011; Dobrowolski et al. 2007; Flenniken
et al. 2005; Manias et al. 2008; Shibayama et al. 2005;
Tong et al. 2009; Toth et al. 2010).

Even though bladder abnormalities are most commonly
linked to increases in Cx43 (Christ et al. 2003; Imamura
et al. 2009; Mori et al. 2005), it remains possible that a
reduction in Cx43 levels and/or a resulting decrease in
GJIC may also alter bladder function. For instance, reduced
GJIC may alter electrical and chemical stimulus propaga-
tion within the bladder, resulting in incomplete bladder
contractions and increased residual urine levels, ultimately
leading to increased urinary frequency. Additional behav-
ioral studies are necessary to see if Cx43 mutant mice
suffer from frequent urination and/or bladder leakage.

While our study revealed no Cx43 staining in the
bladder urothelium, other groups have localized both Cx43
and Cx26 within this tissue layer (Grossman et al. 1994;
Haefliger et al. 2002). Therefore, as a result of Cx26 being
localized to the urothelial layer (Grossman et al. 1994;
Haefliger et al. 2002; Ikeda et al. 2007), we speculated that
Cx26 may be upregulated in the urothelium through
potential signaling cross-talk mechanisms to compensate
for the overall reduction in Cx43 function. The function of
Cx26 within the urothelium is still unknown, although it
has been proposed to play a role in signal transduction
during bladder filling (Ikeda et al. 2007). Cx26 localization
in the urothelium has been reported to be typically at sites
of cell to cell apposition (Haefliger et al. 2002; Ikeda et al.
2007); however, similar to our findings, one group has
reported the intracellular localization of Cx26 (Gee et al.
2003). Other reports have also indicated that Cx26 hemi-
channels can release ATP into the extracellular environ-
ment (Huckstepp et al. 2010; Majumder et al. 2010), which
may alter bladder function. In our study, the levels of Cx26
were similar between the mutant and control groups.
Interestingly, Cx26 displayed a unique intracellular uro-
thelium expression profile localized to only the basal one
or two cell layers of the urothelium, suggesting that few, if
any, Cx26 gap junction channels or hemichannels are
formed in these cell layers. The lack of Cx26 in the more
luminally localized epithelial cells would suggest that
Cx26 serves no role in the more differentiated cells of the
urothelium. Nevertheless, we found no evidence that Cx26
was upregulated to compensate for the proposed reduction
of Cx43 function in the bladder. Future studies will require
the inclusion of additional mutant mice that harbor specific
mutations that have strong linkages to patients with bladder
abnormalities.
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