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A B S T R A C T

Replacement of detrusor smooth muscle (SM) with connective tissue (CT) in the bladder wall has functional
consequences to lower urinary tract function, namely changes to the filling compliance and its contractile
performance. In children with congenital anomalies such tissue remodelling may underlie the poor prognosis
that is characteristic of a significant proportion of these patients. We have quantified the extent of CT deposition
in bladder tissue samples from four age-matched (24–72 months) patient groups, namely: normally-functioning
(control) bladders; bladder exstrophy, neurogenic bladders (NGB) and posterior urethral valves (PUV). In
addition, using multiplex labelling we have also quantified, in neighbouring sections, expression of TGF-β, a
downstream transcription factor SMAD2, connexin-43, as well as DAPI labelling of nuclear material, separately
in the SM and CT regions of the detrusor layer. TGF-β receptor (TGF-βR) and Cx43 labelling were greater in
SM regions of exstrophy and NGB (but not PUV) tissues when compared to control, were but unchanged in
CT regions. SMAD2 labelling was similar in all groups in both SM and CT regions, with minor increases in
exstrophy, NGB and PUV SM regions and small reductions in exstrophy and NGB CT regions. DAPI staining
was less in CT compared with SM regions but was unchanged between patient groups. Overall, the TGF-β
pathway shows variability of expression in congenital bladder anomalies, compared with control tissue, that
at this period of post-natal development is greater in the extant SM layer. Antifibrotic strategies that target
this pathway offer an approach to minimise fibrotic development.
. Introduction

Several congenital anomalies are associated with bladder disorders
ncluding: the exstrophy–epispadias complex; bladder outflow obstruc-
ion from posterior urethral valves (PUV); and damage from neural
ube defects such as myelomeningocoele. Despite continuing advances
n surgical procedures and after-care practice [1–3] many children
ontinue to have lower urinary tract (LUT) disorders that in a signif-
cant proportion can lead to conditions such as chronic renal failure
hat result in a requirement for renal replacement therapy [4]. Lower
rinary tract problems can range from low-capacity bladders with
ecreased filling compliance to a poorly-contractile bladder but with
etrusor overactivity [5–7].

Bladder wall tissue-remodelling through excessive deposition of
onnective tissue, or fibrosis, is a common feature of these congen-
tal bladder anomalies [8–10]. This can be associated with greater
ifferentiation of collagen-producing myofibroblasts; upregulation of
pithelial-mesenchymal transition (EMT); and alteration of the balance

∗ Correspondence to: School of Physiology, Pharmacology and Neuroscience, University Walk, University of Bristol, BS8 1TD, UK.
E-mail address: chris.fry@bristol.ac.uk (C.H. Fry).

between endogenous collagenases and their own inhibitors [11,12].
These imbalances could underlie the above changes to bladder func-
tion. Firstly, excessive collagen deposition will decrease bladder wall
compliance (increase stiffness) as its unit elastic modulus is greater
than muscle tissues that comprise most of the bladder wall [13].
However, some longer-term foetal and adult models of outflow tract
obstruction show increased bladder wall compliance with sparse col-
lagen fibrils [14,15] that suggests a decompensated stage of cellular
re-modelling. Secondly, replacement of detrusor muscle with connec-
tive tissue will decrease the contractile performance of the bladder
wall per se, as observed with detrusor preparations from paediatric
exstrophy patients [16]. Thirdly, (myo)fibroblasts (interstitial cells)
are linked as a functional syncitium via Cx43 gap junctions (detru-
sor myocytes are connected via Cx45 gap junctions [17]) and will
facilitate propagation of electrical signals within the tissue mass. In
overactive bladder models with greater Cx43 expression, gap junc-
tion inhibitors, such as 18𝛽-glycyrrhetinic acid, reduce propagating
spontaneous contractions [18].
https://doi.org/10.1016/j.cont.2023.100573

2772-9737/© 2023 The Author(s). Published by Elsevier B.V. on behalf of Internat
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ional Continence Society. This is an open access article under the CC

https://doi.org/10.1016/j.cont.2023.100573
https://www.elsevier.com/locate/cont
http://www.elsevier.com/locate/cont
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cont.2023.100573&domain=pdf
mailto:chris.fry@bristol.ac.uk
https://doi.org/10.1016/j.cont.2023.100573
http://creativecommons.org/licenses/by-nc-nd/4.0/


B. Xie, N. Johal, M. Millar et al. Continence 5 (2023) 100573

t
A
b
b
b
i
b
r
a
t
p
o
2

p
s
f
m
d
s
(
t
e
p
b
a
t
r

2

P
H
w
d
s
t
i
n
b
t
(
(
f
u
c
m
t
D
a
6
m
g
w
h
4
d
≈
r
u

T
i
t
m

w
m
m
b
s
t

c
s
b
e
a

f
u
t
(
f
l
i
s
a
l
f
i
o
i

D
[
d
t
(

Characterisation of the cellular pathways that underlie fibrosis in
he bladder wall will be important to develop anti-fibrotic therapies.
n important question is whether the continuing development of fi-
rosis is more significant in the muscular or extracellular domains of
ladder wall tissues and whether any changes differ in tissues from
ladders with congenital anomalies. The classical fibrosis pathway [19]
s mediated by transforming growth factor-𝛽 (TGF-𝛽) cytokines that
ind to a receptor (TGF-𝛽R) and the subsequent phosphorylation of
eceptor-regulated SMAD proteins, such as SMAD2 [20]. The latter act
s transcription factors to facilitate enhanced production of connective
issue components and other modulators that underlie fibrosis. Other
athways, such as the Wnt- and YAP/TAZ signalling, also act either co-
peratively with or separately from the classical fibrosis pathway [21,
2], but are beyond the scope of this current study.

The following objectives were addressed: (i) to quantify relative
roportions of smooth muscle (SM) and connective tissue (CT) in
amples from the bladder wall of paediatric patients with normally-
unctioning bladders and those with congenital anomalies (exstrophy;
yelomeningocoele; PUV) affecting lower urinary tract function; (ii) to
emonstrate the TGF𝛽R/SMAD pathway in paediatric bladder wall tis-
ues and to quantify relative levels of expression in SM and CT regions;
iii) to quantify changes to the TGF𝛽R/SMAD pathway expression in
issues from bladders with congenital anomalies; (iv) to measure Cx43
xpression and compare any changes to those in the TGF𝛽R/SMAD
athway. We chose multiplex image analysis of protein expression in
ladder wall tissue sections [23] as this allowed simultaneous evalu-
tion of several protein targets whilst preserving the histological and
opographical features of tissue sample. Thus, quantification of any
egional variation of protein targets in SM and CT regions was possible.

. Methods

atient information, ethical approval, and preparation of tissue samples.
uman tissue samples (≤5 mm3) were collected from the lateral
all of the bladder dome from paediatric patients undergoing proce-
ures at Great Ormond Street Hospital (GOSH: London, UK). Prior to
urgery all patients had invasive or non-invasive urodynamics prior
o surgery that demonstrated reduced bladder filling compliance or
ncreased bladder neck resistance, although quantitative data were
ot recorded. Three groups underwent congenital anomaly corrections;
ladder exstrophy (secondary bladder reconstruction with a Kelly soft
issue procedure); neurogenic bladder (NGB) from myelomeningocoele
bladder augmentation); and bladder outflow obstruction from PUV
also bladder augmentation). A fourth, control group had normally-
unctioning bladders who predominantly underwent open surgery for
reteric re-implantation. All samples were collected after informed
onsent was obtained from patients, guardians or Gillick-competent
inors before surgery. Ethical approval (04NU06) was granted by

he UK Human Tissue Authority and the GOSH R&D department.
emographics of the four groups were: controls (𝑁 = 19; 13M/6F;
ge 37 months [26,52]); bladder exstrophy (𝑁 = 30; 17M/13F; age
6 months [29,72]); neurogenic bladder (𝑁 = 21; 6M/15F; age 59
onths [36,61]); PUV (𝑁 = 15; 15M/0F; age 46 months [24,72]). All

roups were age-matched; Kruskal–Wallis test, 𝑝 = 0.245. These samples
ere used for various physiological and imaging experiments, but all
ad sub-sections taken for histological examination by immersion in
% paraformaldehyde and then embedded in paraffin as previously
escribed [16]. Before preparation of muscle strips (<4 mm length;
1.0 mm diameter) for any experimental procedure the mucosa was

emoved by blunt dissection: the tissue sample was always held at an
nstretched length.

issue array (TA) construction. Subsets of tissue samples were used for
mage analysis. Two tissue arrays were made from paraffin-embedded
issue blocks using a manual tissue arrayer MAT1 (Beecher Instru-

ents, USA), as described previously [24]. Demographics of patients v

2

ho yielded useable cores were: controls (𝑛 = 13; 8M/5F; age 43
onths [21,50]); bladder exstrophy (𝑛 = 10; 6M/4F; age 36 [27,
onths 72]); NGB (𝑛 = 6; 2M/4F; age 48 months [38,60]); PUV

ladders (𝑛 = 8; 8M/0F; age 47 months [24,70]). There were no
tatistical differences in ages between the four groups (Kruskal–Wallis
est; 𝑝 = 0.635). Tissue array sections (8 μm) were mounted on 3-

triethoxysilylpropylamine (TESPA)-coated glass slides and were used
for haematoxylin & eosin (H&E) or van Gieson staining, as well as for
multi-immunofluorescence labelling.

H&E and van Gieson staining; image processing. H&E staining was done
for histological previews; van Gieson staining to identify predominant
areas of SM or CT. For staining TA sections were deparaffinised in
xylene, hydrated in ethanol from 100%–50% ethanol/water in four
steps and then incubated in Weigert’s iron haematoxylin solution for
15 min (Sigma-Aldrich 1.15973). Subsequently, slides were incubated
in van Gieson solution (Sigma-Aldrich, HT254) for 5 min, dehydrated
in ethanol, transferred to xylene and finally mounted in Eukitt® Quick-
hardening mounting medium [25].

Sections were imaged at 40× magnification under bright-field con-
ditions with a NanoZoomer Digital Pathology Scanner (Hamamatsu
Photonics, Japan). Tissue core images (NDP.view2) were exported as
.jpg files (11 597 × 11 597, 300 dpi) to quantify SM/CT percentages
(both add to 100%) and to identify SM and CT areas for subsequent
protein expression analysis. ImageJ algorithms separated red (CT) and
yellow (SM) pixels to generate 8-bit grey scale images for quantifica-
tion [26] – Fig. 1 (two right columns). Cores for additional protein
expression quantification were part of a larger collection used for
other experiments, but where SM/CT percentages were also measured:
SM/CT data from the entire collection are shown.

Multiplex-immunofluorescence labelling and image processing. Three pro-
teins were targetted with primary antibodies: TGF-𝛽R-II (rabbit poly-
clonal; Abcam 61213, 1:2000); SMAD2 (rabbit polyclonal; Cell Sig-
nalling mAb3122, 1:200); and Cx43 (rabbit polyclonal; Sigma-Aldrich
C6216, 1:1000): secondary antibodies were Cy5, Cy3 and FITC fluo-
rophores, respectively. Cell nuclei were labelled with 4′,6-diamidino-2-
phenylindole (DAPI) to generate a fourth fluorescence channels. Several
procedures were followed to reduce potential variability of outcomes as
much as possible. All slides were labelled for antibodies on a single day
with a Leica BondMax™ robotic system, following prior optimisation for
oncentration, pH-dependence and antigen retrieval. Primary antibody
tocks were made on the day of use. Labelling procedures were double-
linded; neither tissue core pathology nor antibodies were known to
xperimenters during data acquisition; steps in the methodology have
lso been described elsewhere [16,27,28].

Multiplex-immunofluorescent labelled slides were imaged using a
luorescence scanner (AxioScan Z1, Zeiss) at 20× magnification, always
sing the same settings. Excitation/emission wavelengths (nm) for
he four channels were: 353/465 (DAPI), 493/517 (Cx43), 553/568
SMAD2) and 653/668 (TGF-𝛽). Fluorescence channels were optimised
or excitation/emission ranges as well as intensities to reduce over-
ap between channels and bleed-through from each channel. Protein
mages were opened in Zeiss ZEN 3.1 software (blue edition) for
ubsequent analysis. Corrections were made for images with no primary
ntibodies and autofluorescence background. For each core, ten circu-
ar regions of interest (RoIs, 60 μm diameter) were randomly chosen;
ive each in SM and CT areas, as determined above. Fluorescence
ntensities for each channel were measured by counting the number
f pixels in each RoI with the open-source Fiji-ImageJ program. Steps
n the methodology have also been detailed elsewhere [16,27,28].

ata presentation and analysis. Data sets are expressed as median values
25,75%] interquartile ranges, as not all data sets were normally-
istributed using Shapiro–Wilks tests. Differences between sets were
ested by non-parametric ANOVA and post-hoc Mann–Whitney U -tests
www.medcalc.org); null hypotheses were rejected at p < 0.05. The

ariability of values in data sets (var.) were calculated as

http://www.medcalc.org
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Fig. 1. H&E and van Gieson stained images of sections from the same tissue sample (two left columns) from control, exstrophy, NGB, and PUV tissue samples. The two right-hand
columns are 8-bit grey scale images of the smooth muscle and connective tissue components of the van Gieson stained images and used to measure the percentages of smooth
muscle and connective tissue in the tissue samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
MADM/median values, where MADM (median absolute deviation from
the median) was calculated as:

MADM = median(|𝑥i − median(𝑥)|),

for all 𝑥i in a data set; |..| is the modulus of a number. The value of
var. is parallelled by a coefficient of variation (SD/mean) of a normally-
distributed data set; values <0.25 were taken as low variability.

3. Results

Measurement of smooth muscle and connective tissue content. Fig. 1 shows
representative near-consecutive sections stained with H&E (far left)
or van Gieson (second left) from the four groups. The two right-
hand columns show 8-bit grey-scale images of the smooth muscle (SM,
yellow) or connective tissue (CT, red) regions of the van Gieson-stained
sections to calculate the respective contributions of the two regions.

Fig. 2 shows the percentage SM content of tissue cores, the remain-
der classified as CT, from the four bladder conditions investigated here.
Tissue from control bladders had significantly more smooth muscle
(66.1% [60.7,76.8], 𝑛 = 19, var. = 0.159) compared to that from
bladder exstrophy (34.9% [26.2,42.7], 𝑛 = 30; p < 0.0001, var. =
0.240), NGB (50.7% [41.1,54.3], 𝑛 = 21; p < 0.01, var. = 0.210), or
PUV bladders (49.8% [45.8,57.4], 𝑛 = 15, var. = 0.143; p < 0.001).
Moreover, SM content was significantly less in bladder exstrophy sam-
ples compared to those from neuropathic (p < 0.005) or PUV bladders
(p < 0.05). The variability of these data (var. – see Methods and
Supplementary Table 1) was greatest in exstrophy samples compared
to controls and reflects a decreased homogeneity of exstrophy samples;
intermediate var. values were recorded in samples from neuropathic,
but not PUV bladder, samples.

Regional differences of TGF𝛽R, SMAD3 and Cx43 protein labelling in blad-
der tissue cores. Fig. 3 shows low-power images of multiplex-labelled
3

Fig. 2. Percentage smooth muscle content of tissue cores from control, exstrophy,
neurogenic (NGB) and posterior urethral valves (PUV) bladders. Median data [25,75%
interquartiles]. **p < 0.01; ***p < 0.001 vs. control.

core sections from exstrophy, NGB and PUV samples (top row) and
in the centre an image from a control sample. Separate images of
the control core in each of the four colour channels for the three
proteins (TGF𝛽R, purple: SMAD2, orange; and Cx43, green) as well as
DAPI (blue) are seen around the multicolour central image. Overall SM
appears green due to a preponderant Cx43 signal and CT a more mixed
purple colour due to TGF𝛽R and SMAD2 signals especially evident in
the non-muscle areas. DAPI staining is homogeneous throughout the
SM and CT regions of the section. Shown also in the bottom row are
high-power images of a SM region (left) and a CT region (right). These
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Fig. 3. Multilabelled images of different bladder core sections from the four patient
groups. The top row shows low power sections from exstrophy, NGB and PUV bladders.
A control sample image is shown below surrounded by individual colour channels
for that same section: purple/pink, TGF𝛽R; orange/yellow, SMAD2; green, Cx43;
blue, DAPI. In the multilabelled images, the muscle area is a green colour from
the preponderant intensity of the Cx43 label; the pink/purple areas correspond to
connective tissue. High-power images at the bottom are 30 × 30 μm fields of a smooth

uscle (SM, left) and a connective tissue (CT, right) region of the control tissue section.
hese lie within 60 μm diameter regions of interest used for semi-quantitative analysis.
For interpretation of the references to colour in this figure legend, the reader is referred
o the web version of this article.)

mages are 30 × 30 μm fields within 60 μm diameter regions of interest
sed for analysis.

egional differences of TGF𝛽R, SMAD2 and Cx43 protein labelling in
ontrol bladder tissue cores. Protein labelling of TGF𝛽R, SMAD2 and
x43, as well as the nuclear DAPI label, was measured in five ROIs

n both SM and CT regions of each core. Median values for the two
egions were compared in tissue cores from control bladders. TGF𝛽R
nd SMAD2 expression was significantly greater in CT compared to
M regions, despite significantly less DAPI labelling (Fig. 4). However,
here was no difference in Cx43 labelling between the two regions. Data
ariability (var.) ranged between 0.042 – 0.171 in all data sets, except
ith TGF𝛽R counts from CT regions where it was significantly greater
var. = 0.429; p < 0.05 – for values see Supplementary Table 1).

GF-𝛽R labelling in bladder samples. Fig. 5 shows quantification of
GF𝛽R labelling in the four patient groups for the SM regions (left)
nd the CT regions (right). In all groups labelling was greater in the
T regions. In SM regions TGF𝛽R labelling was greater in exstrophy
p < 0.001) and NGB (p < 0.01) samples compared to control tissue.
owever, there was no comparable increase in PUV samples. By con-

rast, TGF𝛽R labelling in connective tissue regions was not significantly
ifferent in any of the four patient groups. Connective tissue TGF𝛽R
4

Fig. 4. Counts of three protein labels (TGF𝛽R, SMAD2 and Cx43) and DAPI staining
in cores from control bladders. Data points represent averaged counts in five regions
of interest each in smooth muscle (SM) and connective tissue (CT) regions from 11
separate tissue cores. Median data [25,75% interquartiles]. **p < 0.01; ***p < 0.001
CT vs. SM.

Fig. 5. Counts of TGF𝛽R label from Control (con), Exstrophy (Exstr), Neurogenic (NGB)
and Posterior urethral valve (PUV) bladders. Left-hand panel; smooth muscle data:
right-hand panel; connective tissue data. Median data [25,75% interquartiles]. **p <
0.01; ***p < 0.001 vs. Control. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

labelling in control tissue was more variable than in any other group
(var. = 0.429, but was also larger for exstrophy and PUV data than
most other data sets) - see Supplementary Table 1 - and would have
masked small variations between data from different patient groups.
DAPI labelling was similar between patient groups from SM and from
CT regions and is not further reported.

SMAD2 labelling in bladder samples. By contrast, the magnitude of
SMAD2 labelling was more similar between SM and CT regions in
all patient groups, although significantly greater in connective tissue
regions from control tissue (p < 0.01; Fig. 4). Comparison of data
from the four patient groups showed (Fig. 6), in SM regions, small but
significantly (p < 0.05), greater values in exstrophy, NGB and PUV
samples compared to control. In CT regions there was slightly, but
significantly, less (p < 0.05), labelling in exstrophy and NGB samples,
but not PUV samples, compared to control: var. values were generally
small, except for PUV samples.

Cx43 labelling in bladder samples. In smooth muscle regions Cx43 la-
belling was significantly greater with tissue from exstrophy and NGB
bladders (p < 0.001), as well as PUV tissue (p < 0.01) – Fig. 7.
There were however, no significant differences between the four patient
groups in the connective tissue regions: var. values were generally

small.
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Fig. 6. Counts of SMAD2 label from Control (con), Exstrophy (Exstr), Neurogenic
(NGB) and Posterior urethral valve (PUV) bladders. Left-hand panel; smooth muscle
data: right-hand panel; connective tissue data. Median data [25,75% interquartiles]. *p

0.05 vs. Control. (For interpretation of the references to colour in this figure legend,
he reader is referred to the web version of this article.)

Fig. 7. Counts of Cx43 label from Control (con), Exstrophy (Exstr), Neurogenic (NGB)
and Posterior urethral valve (PUV) bladders. Left-hand panel; smooth muscle data:
right-hand panel; connective tissue data. Median data [25,75% interquartiles]. **p <
0.01; ***p < 0.001 vs. Control. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

4. Discussion

Bladder wall tissue from the detrusor layer has a decreased propor-
tion of muscle tissue in all three congenital anomalies studied compared
with that from normally-functioning (control) bladders. Moreover, SM
loss was greatest in exstrophy bladder samples. Although SM proportion
increases with age in paediatric patients [24], this was not a con-
founding factor here, as all four groups were age-matched. There was,
however, a larger variability of values in the exstrophy and neuropathic
bladder groups as evidenced by the larger var. scores, especially in
exstrophy tissues and suggests that raised CT deposition is variable
between different bladders.

The particular protein targets were chosen to represent initial com-
ponents of a canonical fibrosis pathway (the TGF𝛽R and SMAD2), and
which is abundant in interstitial cells (Cx43). Data from all four groups
showed that TGF𝛽 and SMAD2 were expressed more in the CT fraction
compared with the SM domain, despite reduced DAPI staining. Cx43
was labelled to a similar extent in both fractions and suggests substan-
tial infiltration of detrusor bundles with say interstitial cells or other
cells transitioning from fibroblasts and to myofibroblasts [29]: note the
major gap junction connexin between detrusor myocytes is Cx45 [30].
Measurement of this differential distribution of TGF𝛽 and SMAD2 in CT
and SM regions was possible by the multiplex labelling imaging method
 n

5

used here and offers an advantage over other quantitative protein assay
methods, such as Western blotting that cannot distinguish so readily
between changes to protein expression in discrete areas of a complex
tissue. Other models of bladder fibrosis have also described increased
TGF𝛽R expression [31,32], but this may be due merely to the greater
proportion of CT and not a unit upregulation of TGF𝛽R as recorded
here.

With tissue from congenital anomaly bladders, in comparison with
control tissue, there were dissimilar changes to protein labels in CT
and SM layers. With tissue from exstrophy and neurogenic bladders,
in comparison with control, expression of TGF𝛽R and SMAD2 was en-
hanced in SM regions but was less in CT regions. A similar pattern was
observed with Cx43 in exstrophy tissue, but with neurogenic bladder
tissue an increase only in SM regions was observed: the extent of DAPI
staining was unchanged in these pathologies. A somewhat different
pattern emerged in PUV bladder tissue: smaller proportional changes
of SMAD2 and Cx43 in SM regions, but with no changes in CT regions.
Such a disparity with different anomalies has been observed with other
labels. For example, matrix metalloproteinase-7 (MMP7) whose main
function is to break down extracellular matrix, is overall increased in
several adult fibrotic conditions [33,34] but is reduced in tissue from
exstrophy bladders (16), unchanged in NGB [10] and increased in PUV
bladders (9). Similarly, cyclin D1 which allows cells to progress through
the cell cycle [35], is unchanged in tissue from exstrophy and NGB, but
is reduced in PUV bladders [9,10,16]. This raises the possibility that the
rate of connective tissue deposition is variable within different regions
of a complex tissue such as the bladder wall. Furthermore, changes may
occur over variable time-frames during post-natal tissue re-modelling
from different congenital anomalies, but in this study we age-matched
patient age between the different groups donating tissue.

Activation of the TGF-𝛽/SMAD pathway is the best characterised
mechanism for fibrotic development and is known to be active in the
paediatric bladder. Attenuation of this pathway is a direct approach
to limit the development of fibrosis in bladder dysfunction in the
pathologies described above. Different therapeutic possibilities have
been described, although with limited evidence of effectiveness [36].
In addition, selective reversal in specific tissues always remains a
problem. An alternative approach may be to evaluate the function
of associated pathways that either regulate fibrosis directly or inter-
act with the TGF-𝛽/SMAD pathway. For example, activation of the
Wnt/𝛽-catenin-signalling acts as a regulator of fibrosis [21,37] through
attenuation of cytosolic 𝛽-catenin degradation. Moreover, there is a
positive interaction between TGF-𝛽/SMAD and Wnt ligands/𝛽-catenin
pathways to augment fibrosis [21,38]. Bladder fibrosis, induced by X-
ray irradiation, can also be ameliorated in adult mice by relaxin, a
small polypeptide member of the insulin superfamily. Moreover, this
was associated, by restoration of bladder compliance and reduction of
overactive bladder contractions [39]. SMAD2 phosphorylation is also
attenuated by activation of the nNOS/NO-soluble guanylate cyclase-
cGMP system by the relaxin receptor [40,41]. Several other potential
antifibrotic pathways have also been described [42].

Changes to the activities of fibrosis pathways is one route for raised
connective tissue deposition, but an alternative is a decrease of the
activity of intrinsic collagenases, such as MMP7. However, variable
changes to MMP7 labelling in different anomalies compared with con-
trol, as described above, do not support a hypothesis that variation
of its expression is a major determinant of excessive fibrosis in these
conditions.

Overall, bladder wall fibrosis is a feature of several different con-
genital bladder anomalies and associated with increased passive stiff-
ness [9,10,16]. The canonical TGF-𝛽/SMAD pathway is expressed
hroughout the detrusor layer, but to a greater extent in the CT compo-
ent. However, in the time-frame associated with these studies (40–60
ays post partum) there was down-regulation in CT but upregulation in
etrusor muscle in samples from exstrophy and NGB, compared with

ormally-functioning bladders. However, in PUV-obstructed bladders
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such up- and down-regulation was less evident. Cx43 was abundantly
and evenly distributed throughout the detrusor layer and may not be
useful as a differential marker of fibrosis.

Limitations. Confounding variables that may limit data interpretation
arise from the patient cohorts, tissue and the semiquantitative data
that are provided. Patients in the four groups were age-matched, but
not gender-matched; for example PUV occurs only in males. Sample
sizes were too small to allow sub-division of data from different sexes.
It was not possible to orientate the tissue samples in the same way
dimension relative to their original position in the bladder wall in
construction of the tissue array, due to the small size of the original
samples. However, care was taken not to unduly stretch the samples
during dissection into samples. Finally, it is appreciated that multiplex
immunofluorescence is a semi-quantitative technique and differences in
signal intensity between different proteins do not reflect their relative
abundance or its activity.

Conclusions. Several questions remain in the context of development of
antifibrosis strategies: is excessive connective tissue deposition com-
plete at this time, still developing or resolving in some congenital
anomalies; what are the roles of additional pathways in regulating
the TGF-𝛽/SMAD pathway; are there male–female differences (all PUV
amples were from males, the other groups were of mixed sex); and are
here significant associations between urodynamic indices of bladder
unction and the extent of connective tissue deposition?
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