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Abstract

The bladder undergoes large shape changes as it fills and empties and experiences complex mechanical forces. These
forces become abnormal in diseases of the lower urinary tract such as overactive bladder, neurogenic bladder, and urinary
retention. As the primary mechanosensors linking the actin cytoskeleton to the extracellular matrix (ECM), integrins are
likely to play vital roles in maintaining bladder smooth muscle (BSM) homeostasis. In a tamoxifen-inducible smooth muscle
conditional knockout of β1-integrin, there was concomitant loss of α1- and α3-integrins from BSM and upregulation of αV-
and β3-integrins. Masson’s staining showed a reduction in smooth muscle with an increase in collagenous ECM.
Functionally, mice exhibited a changing pattern of urination by voiding spot assay up to 8 wk after tamoxifen. By 8 wk, there
was increased frequency with reductions in voided volume, consistent with overactivity. Cystometrograms confirmed that
there was a significant reduction in intercontractile interval with reduced maximal bladder pressure. Muscle strip
myography revealed a loss of contraction force in response to electrical field stimulation, that was entirely due to the loss of
muscarinic contractility. Quantitative western blotting showed a loss of M3 receptor and no change in P2X1. qPCR on ECM
and interstitial genes revealed loss of Ntpd2, a marker of an interstitial cell subpopulation; and an upregulation of S100A4,
which is often associated with fibroblasts. Collectively, the data show that the loss of appropriate mechanosensation
through integrins results in cellular and extracellular remodeling, and concomitant bladder dysfunction that resembles
lower urinary tract symptoms seen in older people.
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Introduction

Integrins are a family of proteins that are universally expressed
in all cells and play important roles as both cell adhesion
molecules and mechanosensors.1,2 While universal, isoforms
are expressed in different patterns in different tissues thus gen-
erating a broad range of functional diversity. Located at the
plasma membrane and spanning the membrane, they bind to
extracellular matrix (ECM) molecules on the cell exterior, as
well as to the actin cytoskeleton on the interior. Their binding
affinity on both sides of the membrane is continuously modu-
lated by mechanical stimuli and by intracellular signals. In the
face of physical forces that deform cell shape such as in blood
vessels that experience pulsatile flow, they can reinforce the
membrane dynamically through formation of multiprotein com-
plexes called focal adhesions. Focal adhesions, in turn, recruit
and remodel the actin cytoskeleton as well as ECM components
such as fibronectin and collagens, to maintain homeostasis or
respond to injury.

The urinary bladder is a highly distensible hollow organ as
well as a mechanically efficient pump in which the work is
performed by the bladder smooth muscle (BSM). Its activity
is characterized by periodic stretching/elongation due to fill-
ing and then contraction to expel urine, with each phase hav-
ing very different time signatures. After slow filling, surface
area expansion, and muscle elongation, wall stretch leads to
sensory afferent firing and higher centers in the brain (ie, the
pontine micturition center and periaqueductal gray), coordinate
the decision to void.3,4 The bladder therefore exhibits sophisti-
cated mechanosensory mechanisms that regulate accommoda-
tion during filling, but which then can rapidly switch to mechan-
otransduction pathways that facilitate smooth muscle (SM) con-
traction to achieve the rapid voiding phase.

The bladder however, is prone to storage and micturition
problems leading to a spectrum of lower urinary tract symp-
toms (LUTS), which can range from the mildly inconvenient to
the incapacitating. LUTS include voiding, storage, obstructive,
and irritative symptoms and are a significant problem for tens of
millions of people in the United States.5 Worldwide prevalence
estimates for all major LUTS categories suggest that over 4.3 bil-
lion people are affected.6 As well as the physical discomfort, iso-
lation, and pain, these pathologies often produce attendant and
adverse emotional and psychological symptoms (eg, anxiety and
depression), which significantly impact quality of life for suffer-
ers. The underlying causes for many of these benign problems
of the lower urinary tract are unknown, and clinically, the goal
is usually symptomatic relief through modifying the mechanics
of voiding, usually by inhibiting SM contractility (anticholiner-
gics and botulinum neurotoxin) or by enhancing relaxation (beta
agonists).7 This places SM squarely as the initial point of thera-
peutic focus in many forms of LUTS.

In efforts to understand the molecular and physiological
changes that accompany a common bladder injury, we recently
characterized an acute urinary retention (AUR) model in mice,
that recapitulated important aspects of AUR in humans.8 Fol-
lowing transurethral catheterization and a 30-min exposure of
the bladder to 50 and 80 cm H2O pressure, there was a clear evi-
dence of bladder dysfunction at 24 h, with a loss of contractility.
There was also a rapid upregulation within 6 h of the expres-
sion of β1-integrin and several important focal adhesion adap-
tor proteins, including talin and paxillin, as well as the integrin-
dependent kinases, focal adhesion kinase, and integrin-linked
kinase. These data pointed directly to the involvement of inte-
grins in mediating stretch-mediated injury responses. There-
fore to test the hypothesis that integrins represent primary
mechanosensors in the BSM, we engineered the deletion of β1-
integrin from adult SM in mice, through induction of Cre recom-
binase in response to tamoxifen (TMX). Data from these tissue-
conditional knockouts strongly implicate integrin participation
in multiple aspects of voiding and of regulating processes from
BSM contraction to matrix remodeling.

Materials and Methods

Chemicals: TMX was from MP Biomedicals (Irvine, CA, USA) and
all other chemicals were from Sigma (St. Louis, MO, USA) unless
otherwise specified.

Mice: A TMX-inducible SM-conditional knockout mouse for
β1-integrin was generated for this study by crossing B6.FVB-
Tg(Myh11-cre/ERT2)1Soff/J mice with B6;129-Itgb1tm1Efu/J, beta1-
integrin floxed mice (The Jackson Laboratory; Bar Harbor, ME,
USA). The Cre-engineered strain expresses Cre recombinase in
the presence of TMX and under control of the SM myosin heavy
chain 11 polypeptide promotor (Myh11). Due to the Y chromo-
some insertion of the SMMHC-CreERT2 transgene, expression of
Cre is restricted to males only and so all data presented are from
male mice. All mouse experiments were performed in accor-
dance with an animal protocol approved by the Beth Israel Dea-
coness Medical Center Institutional Animal Care and Use Com-
mittee (IACUC), which is AALAC accredited and adheres to inter-
national standards of animal welfare.

TMX-induction of mice: At 12–16 wk of age, conditional-
knockout mice (Myh11β 1-fl/fl) were i.p. injected with 2 mg TMX
(20 mg/mL stock solution dissolved in corn oil) for 5 consecutive
days. Controls were genetically identical littermates injected
with corn oil vehicle. TMX-induced mice began dying 8 wk
postinjection and exhibited gross gut distension, presumably
as a result of the loss of β1-integrin from gastrointestinal
SM. Therefore, most phenotypic and molecular analyses were
performed at 6 wk at which point mice appeared active and
healthy.
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Genotyping: Genomic DNA was extracted from mouse tail
snips using a modification of the HotSHOT method.9 Tail tis-
sues were incubated in 500μL 50 mm NaOH for 15 min fol-
lowed by an addition of 55μL 1 m Tris-HCl pH 7.2 to neutral-
ize, then aliquots (2–3μL) were used for polymerase chain reac-
tion (PCR). Extracted DNA was stored at −20◦C. Genotyping
primer sequences and thermal cycling conditions for Myh11-
cre were provided by Jackson Laboratory and were 12 026 5′-
TGA CCC CAT CTC TTC ACT CC-3′ and 12 028 5′-AGT CCC TCA
CAT CCT CAG GTT-3′, forward and reverse, respectively, for Cre,
and oIMR7338 5′-CTA GGC CAC AGA ATT GAA AGA TCT-3′ and
oIMR7339 5′-GTA GGT GGA AAT TCT AGC ATC ATC C-3′, for-
ward and reverse, respectively, as a positive control. Primer
sequences to detect β1-integrin were also provided by Jackson
Laboratory and were 5′-CGG CTCA AAG CAG AGT GTC AGT C-
3′ and 5′-CCA CAA CTT TCC CAG TTA GCT CTC-3′, forward
and reverse, respectively. Thermal cycling conditions for detect-
ing β1-integrin genotypes were initial denature 94◦C for 3 min,
cycling denature 94◦C for 30 s, anneal 65◦C for 60 s, extend 72◦C
for 60 s, 35 cycles. New England Biolabs (Danvers, MA, USA) 5×
Taq master mix was used for genotyping PCR. Products were
electrophoresed on 1% agarose gels, stained with ethidium bro-
mide and visualized under UV light.

qPCR—RNA extraction: Mice were euthanized by CO2 inhala-
tion and the bladder quickly removed to a silicone-coated dish
on ice with cold phosphate buffered saline (PBS). Bladders
were cut open from urethra to dome and pinned flat before
the detrusor and urothelial/mucosal layers were carefully sep-
arated by peeling. Detrusor tissue was then added to tubes of
2 mm ceramic BashingBeads (Zymo, Irvine, CA, USA) contain-
ing 700μL Trizol (Invitrogen, Carlsbad, CA, USA) and given 2 ×
30 s shakes at 5 m/s on a Fisher Scientific Bead Mill (Waltham,
MA, USA) to completely disrupt the tissue. The Trizol solution
was transferred to a new 1.5 mL tube and 140μL chloroform
was added to initiate phase separation by vigorous hand mix-
ing then centrifugation. The aqueous phase was transferred to
a new 1.5 mL tube and total RNA was precipitated with iso-
propanol followed by centrifugation and then washing with 70%
(v/v) ethanol. The RNA pellet was air dried, then dissolved in
water. The Bashing Beads can leave small fines, which disrupt
quantification so the RNA was further purified through Qiagen
(Germantown, MD, USA) RNeasy Plus columns following manu-
facturer’s instructions, and includes a step that results in DNA
removal. Total RNA was quantified by spectrophotometry.

qPCR—reverse transcription: Invitrogen’s Superscript IV First-
Strand Reverse Transcription Kit was used following the manu-
facturer’s instructions. The resulting reaction was normalized to
the measured amount of total RNA used by diluting to the equiv-
alent of 10 ng/μL total RNA. qPCR was carried out on a Quantstu-
dio 6 Flex (Applied Biosystems, Bedford, MA, USA) using tripli-
cate reactions for each gene of interest (GOI) in 15μL volumes
per well. Thermo Fisher (Waltham, MA, USA) Maxima Sybr Green
reagents were used. All experiments included melt curves to
monitor reaction integrity.

Western blotting: Rabbit antibodies to β1-integrin (ab52971),
and muscarinic receptor 3 (M3, ab126168) were from Abcam
(Waltham, MA, USA); α1-integrin (#71 747), β3-integrin
(#13 166), and β-actin (#4697) were from Cell Signaling Tech-
nology (Danvers, MA, USA); M2 (G206) was from Assay Biotech
(Fremont, CA, USA) and P2X1 (APR001) was from Alomone
Laboratories (Jerusalem, Israel). Detrusor tissue was lysed in
RIPA buffer (150 mm NaCl, 50 mm Tris, 1% (v/v) NP40, 0.5% deoxy-
cholic acid, and 1% SDS, pH 7.4) containing protease inhibitors
(Complete Mini). Samples were loaded at 25 μg protein/lane

on NuSep 8–16% SDS polyacrylamide gels (Germantown, MD,
USA) and separated by SDS-PAGE prior to electrotransfer to
Immun-Blot PVDF (Bio-Rad, Hercules, CA, USA). Membranes
were blocked in 5% milk powder/tris buffered saline (TBS) for
1 h prior to overnight incubation in primary antibodies (1:1000
in TBS/0.05% (v/v) Tween 20) at 4◦C. Following washing and
secondary antibody incubation (1:10,000 in TBS/0.05% (v/v)
Tween 20), binding was detected with an Amersham ECL kit and
exposure to film. Blots were always stripped with OneMinute
Plus stripping buffer (GM Biosciences, Frederick, MD, USA) and
then reprobed with β-actin antibody for internal normalization
of loading. Band densities were quantitated using FIJI version of
Image J (method described at: https://lukemiller.org/index.php
/2010/11/analyzing-gels-and-western-blots-with-image-j/).

Immunofluorescence: Opened and pinned excised bladders
were fixed in 4% paraformaldehyde/PBS for 2 h at room tempera-
ture and then washed into PBS. Fixed tissues were cryoprotected
in 30% sucrose (w/v)/PBS for ∼2 h, frozen in OCT and sectioned
onto slides before incubation in rat antimouse β1-integrin anti-
body (1:100, #550 531, BD Biosciences) at 4◦C overnight. Sec-
tions were then incubated with Alexa Fluor 488-conjugated sec-
ondary antibody (1:100) and nuclei counterstained with DAPI
(4′,6-diamidino-2-phenylindole). Images were obtained on an
Olympus BX60 fluorescence microscope with a 40× objective
(1600 × 1200 pixels) using cellSens software.

Histology: Whole excised bladders were fixed in 4%
paraformaldehyde/PBS overnight at 4◦C overnight and then
washed into PBS. Paraffin embedding, sectioning in cross-
section and Masson’s trichrome staining were performed by the
BIDMC Histology Core Facility. Imaging was done on the same
microscope as for immunofluorescence. Quantitation of images
in terms of blue and red areas (for collagen and SM, respectively)
was performed with Image J through color deconvolution and
using the Masson’s trichrome vector setting. Multiple random
regions of interest (ROIs) of defined size were placed on several
images and quantitated for area% following thresholding of the
separated blue and red color images.

Cystometrograms (CMG): CMGs were performed under ure-
thane anesthesia (1.3 g/kg) with continuous infusion of PBS
through the dome of the bladder at 25 μL/min, as previously
described in detail.8

Void spot assay (VSA): VSAs were performed as described pre-
viously.8,10,11 Mice were moved individually to empty mouse
cages with precut filter paper (Blicks Cosmos blotting paper
#10422–1005) on the bottom. They were provided with food in
the usual wire racks, but no water. After 4 h, mice were returned
to their home cages and the filter paper allowed to dry before
being photographed under UV light (365 nm) in a Chromato-Vue
C75 imaging box with on board Canon camera (EOS Rebel T3–
12 megapixels). During image analysis, many overlapping spots
were outlined with the drawing tool in the Fiji version of Image J,
copied, and moved to an empty area of the filter. Void spot areas
were quantitated using UrineQuant software.

Myography: Myography and electrical field stimulation (EFS)
of mucosa-dissected bladder muscle strips were performed in
SI-MB4 organ baths (World Precision Instruments, Sarasota, FL,
USA) as described in detail previously.8,10

Data/Statistical analysis: This study was exploratory in nature
rather than strictly hypothesis-driven with a predetermined
study design, group sizes, etc., as defined in Michel et al.
(2020).12 Consequently, all P values based on statistical testing
should be considered descriptive. Minimum group sizes of 4
mice/genotype or treatment (TMX or vehicle) were employed
for all assays with the exception of western blotting and

https://lukemiller.org/index.php/2010/11/analyzing-gels-and-western-blots-with-image-j/
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Figure 1. Characterization of the mouse model. (A) RT-PCR of β1-integrin from
detrusor extracted mRNA at 6 wk after i.p. injections. Expression of functional
Cre in β1-integrin floxed mice is evidenced by a smaller DNA product lacking

exon 3 (�ex3), which is not present in wild type mice. Myh11β 1-fl/fl mice were
induced with TMX or injected with corn oil vehicle (Myh11-TMX and Myh11-
Oil, respectively). (B) Western blotting of β1-integrin in detrusor from oil- and
TMX-injected mice at 6 wk after injections. β-actin loading controls are shown

in the lower panel. (C) Quantitation of densitometry from (B) normalized to the
amount of actin in each lane. Data are mean ± SD, ∗P < 0.05, based on t-test
with Welch’s correction for unequal variances. (D) Immunofluorescence of β1-

integrin in BSM of oil- and TMX-injected Myh11β 1-fl/fl mice (left panels, green).
Phalloidin staining shows actin (red) and DAPI highlights nuclei (blue). Scale bar
(white) in top left panel = 10 μm.

immunofluorescence, where n’s of 3 from a single experiment
are presented. Experiments with different groups of TMX-
induced and control mice were always performed at least twice.

Results

Characterization of Myh11β1-fl/fl Mice

Upon successful crossing of the Cre and floxed mouse lines,
we characterized the resulting Myh11β 1-fl/fl offspring. Figure 1A
shows the results of RT-PCR on mRNA extracted from detrusor
that had been separated by carefully peeling away the muscosal
layer. In both uninduced controls (injected with corn oil vehicle),
and TMX-induced littermates, Myh11β 1-fl/fl bladders showed evi-
dence of a smaller transcript lacking exon 3 (�ex3). The amount
of this transcript was greatly enhanced with TMX-induction
demonstrating that Cre expression was significantly upregu-
lated upon binding of TMX to the mutant estrogen receptor ele-
ment fused to Cre. It also showed that there was some “leak-
age” of expression occurring in the absence of induction. The
presence of some full length β1-integrin transcript after TMX-
induction was not unexpected as detrusor contains cell types
other than SM (eg, interstitial, immune, neural, etc.), and in
these Cre expression would be absent, and therefore full-length
integrin present.

Figure 2. (A) Masson’s trichrome staining of whole bladder sections from oil-
and TMX-injected mice at 6 wk after induction shows deposition of collagenous
ECM (blue) and loss of SM (red) in detrusor upon loss of β1-integrin. Upper and

lower panels taken with 4× and 20× objectives, and scale bars are 200 and 20 μm,
respectively. (B) Quantitation of color deconvoluted images in red and blue chan-
nels on multiple ROIs randomly placed on images of 2 bladders for each treat-
ment. Data are mean ± SD, ∗∗∗ P < 0.001, ∗∗∗∗ P < 0.0001 by unpaired t-test.

Bladders taken from Myh11β 1-fl/fl mice 6 wk after induction or
vehicle injection (corn oil) were analyzed by western blotting for
β1-integrin protein. As seen in Figure 1B and C, there was greater
than 90% reduction in its expression, demonstrating a convinc-
ing inducible knockout. Immunofluorescence staining further
supported the loss of β1-integrin from adult detrusor (Figure 1D).

Loss of BSM β1-integrin Results in Detrusor
Remodeling

To determine whether the loss of β1-integrin would alter BSM
morphology, we performed histology with Masson’s trichrome
staining (Figure 2). This showed striking evidence of large-scale
tissue remodeling, with an apparent loss of SM content (red)
and an expansion of extracellular collagenous matrix (blue). In
the integrin knockouts, there was also disruption to the orga-
nized packing of muscle bundles in the detrusor. Bladder and
body weights between C57BL6/J’s, vehicle and knockout groups
were however, not different (data not shown). A color deconvo-
lution analysis of multiple ROI’s chosen to randomly cover two
entire bladders/group revealed highly significant remodeling of
the detrusor in mice lacking β1-integrin (Figure 2B).
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Figure 3. VSAs show changing micturition parameters over time in TMX-induced Myh11β 1-fl/fl mice. (A and B) Void spot filter papers imaged under UV light. (A′ and B′)
Automated spot detection of (A) and (B) by UrineQuant software with pseudocoloring. Purple represents voids >100 μL, red shows spots between 20 and 100 μL, with

green less than 20 μL and greater than 1 μL. Purple and red collectively represent PVs, which are defined as >20 μL in volume. Images are from mice at day 56 after
injections, with (A) being oil-injected and (B) TMX-injected. (C–E) Summary data (mean ± SD) from repeated void spot testing on the same groups of mice (n = 8 and
9 for oil and TMX mice, respectively). Significance was tested by 2-way ANOVA with between-treatment multiple comparisons by Sidak’s test. ∗ P < 0.05, ∗∗ P < 0.01,
∗∗∗∗ P < 0.0001. (C) Total urine volume, (D) mean PV volume, and (E) number of PV’s.

Void Pattern Changes Suggest Voiding Dysfunction

To see how these changes might impact the normal voiding
behavior of Myh11β 1-fl/fl mice, we performed longitudinal VSAs
on 8 control and 9 TMX-induced knockouts. Since the assay is
noninvasive, the same mice were followed at set intervals out
to 56 days, and changes in voided volumes, number of voiding
events, and total volumes, quantitated and compared. Figure
3A and B shows examples of filter papers from control and
TMX-induced mice, respectively (at day 56), following 4 h of nor-
mal conscious behavior and voluntary micturition. The corre-
sponding images in Figure 3A′ and B′ are the pseudocolored
representations following spot detection by UrineQuant soft-
ware. We have determined from previous in-depth character-
ization of voiding behavior using this assay that there is a
volume cutoff at ∼20 μL that distinguishes a “real” or “pri-
mary” void (PV) from other incidental spotting.13 The “inciden-
tal” spotting is typically less than 2.5% of the total volume
voided in healthy young mice. PV parameters therefore cap-
ture important elements of the urinary tract physiology in a
model. In Figure 3A′ and B′, red and purple spots are PVs and
there are significantly more present in the TMX-induced mouse
(Figure 3B′).

Figure 3C, D, and E provides the summarized data for total
urine volume, number of PVs, and mean PV volume, respec-
tively. The most obvious feature is the dramatic increase in total
voided urine in TMX-treated mice (Figure 3C), which is evident
by day 18 and is then maintained for the remaining life span of
these mice. While dramatic, this is likely to reflect phenomena
related to volume homeostasis, including drinking, vascular and
gut permeability, and ureter function, rather than a bladder phe-
notype. Each of these other SM containing organs will also expe-
rience the loss of β1-integrin and it appears at least one conse-
quence is the production of more urine. More interestingly, we
see a slow increase in the number of PVs, which roughly double
from 4 to 8 (Figure 3E), and which peak at day 56 (P < 0.05), while

simultaneously there is a changing pattern in terms of the aver-
age voided volume (Figure 3D). Here, the volume/void becomes
significantly larger at day 18 (P < 0.05) consistent with the
overall early increase in urine (Figure 3C) but then diminishes
back to baseline by day 56. This occurs despite the total voided
urine staying very high throughout (Figure 3C). An increase in
number of voids and a decrease in the volume/void suggests
some degree of overactivity.

Cystometry Demonstrates Increased Reflex Micturition
Frequency With Reduced Contractile Pressure

We next examined the urodynamic characteristics of these mice
by cystometry under urethane anesthesia (Figure 4). Figure 4A
and B shows characteristic intrabladder pressure tracings during
continuous filling (25 μL/min), of control (Figure 4A) and TMX-
injected (Figure 4B) mice. It is clear that the intervals between
voids (rapid pressure spikes) are much shorter in the integrin-
deficient mice and the peak pressures generated are lower.
Comparisons of summary data for 5 different parameters in
both groups, are shown in Figure 4C–G. Peak pressures (defined
as peak—baseline pressure) were significantly lower and the
intercontractile intervals were significantly shorter. The blad-
der compliance was not significantly different (Figure 4E), but
suggestively, tended to be lower in knockouts, and both base-
line pressures (postvoiding) and micturition pressure thresholds
(Figure 4F) were higher in the bladders lacking SM integrin β1.

Reduced Detrusor Contractility by Myography

VSA’s indicated that ultimately the conditional knockout
mice void more frequently with smaller volumes/void, and
cystometry provided additional evidence for increased fre-
quency/overactivity. It also suggested some deficit in contractile
force generation. We therefore used muscle strip myography to
interrogate the force generating ability of β1-integrin deficient
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Figure 4. Cystometry under urethane anesthesia demonstrates that the loss of β1-integrin from BSM causes increased frequency of voiding and loss of contractile force.
Intrabladder pressure tracings during continuous filling at 25 μL/min in (A) an oil-injected mouse and (B) a TMX-injected mouse at 6 wk. (C–G) Summary data from 4
mice/group showing means ± SD (C) Peak pressure—baseline pressure, (D) intercontractile intervals, (E) compliance during the filling phase, (F) pressure threshold at

which a voiding contraction initiates, and (G) baseline pressure following completion of voiding. ∗ P < 0.05, ∗∗ P < 0.01, ns—not significant.

SM (Figure 5). Figure 5A and B (tracings at left) shows repre-
sentative responses to EFS by control and TMX-induced blad-
der strips, respectively. Loss of β1-integrin dramatically reduced
the force that the BSM was able to generate (Figure 5B com-
pared to 5A) consistent with cystometric data. To define whether
there was a specific loss of cholinergic or purinergic contrac-
tile signaling, we used atropine to inhibit muscarinic acetyl-
choline receptors. Figure 5A and B (tracings at right) shows that
in control bladder approximately 60% of force was inhibitable
with atropine. In integrin knockout tissue however (Figure 5B),
atropine had very little effect. Quantitation of EFS responses
of multiple strips from several mice/group is shown in Figure
5C. Contraction force in the TMX-induced bladders was severely
curtailed (third set of boxes) and was of a similar magnitude
to control bladders treated with atropine (second set of boxes).
Atropine treatment of integrin deficient muscle showed no sig-
nificant difference in contraction force, which demonstrated
that the loss of β1-integrin had selectively impacted cholinergic
signaling while sparing the purinergic signaling pathway.

Muscarinic Receptor Downregulation

To shed light on what this regulatory interaction might entail,
we ran western blots and qPCR on 2 major muscarinic receptors
known to be expressed in BSM (M2 and M3) and on the major
purinergic receptor, P2X1 (Figure 6). M3, which is known to be
the dominant functional acetylcholine receptor in BSM,14 was
significantly down-regulated in TMX-induced mice (Figure 6B).
M2 tended to be lower in these animals as well (Figure 6A), while
P2 × 1 was unchanged (Figure 6C). To perform qPCR, we quanti-
tated expression levels of 3 control genes (sdha, actb, and ywhaz),
averaged them for threshold cycle number (mean value 22.3 for
8 mice), then subtracted the GOI cycle number to obtain deltaCt
values (dCt). Quantitation of transcript levels by this technique
confirmed the protein expression data (Figure 6D) with lower dCt
values indicating less expression.

Compensatory Changes in Integrin Expression

Since functional integrins at the plasma membrane are het-
erodimers consisting of both an alpha and a beta subunit, we
were curious as to whether the genetic ablation of a single inte-
grin would have an impact on other integrin isoforms and hence
on the ability to construct focal adhesions. Western blotting
for two of the other most highly expressed integrins in BSM15

showed that expression of α1-integrin was significantly down-
regulated (Figure 7A), while β3-integrin was upregulated in TMX-
induced mice (Figure 7B). In the case of α1-integrin, the loss of
its cognate monomer presumably leads to a feedback downreg-
ulation in expression, while for β3, there may be a compen-
satory upregulation. These data imply a dramatic restructuring
of cell and focal adhesions in this tissue. Gene expression lev-
els of these and other integrins were examined by qPCR (Figure
7C). This analysis provided some interesting information on the
relative expression levels of multiple integrins that have previ-
ously been described in bladder, with α4-integrin having very
low expression while β1 and α5 were highest. α1- and α3-integrin
were both seen to be significantly downregulated in β1-null
muscle, while αV was upregulated. Interestingly, β3 mRNA lev-
els were not different, thus showing some discordance between
protein and mRNA, a phenomena that is not uncommon and
has been described before.16 Collectively, the data indicate major
dysregulation to integrin signaling and focal adhesion dynamics
in BSM.

Conversion of BSM From a Contractile to a Synthetic
Phenotype

To understand which biological and cellular pathways were up-
or down-regulated by the loss of β1-integrin, we performed qPCR
on a number of genes. Figure 8 shows those that broadly fall
into 2 categories: ECM (Figure 8A) and interstitial and fibro-
sis markers (Figure 8B). The data represent quantitation of
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Figure 5. Muscle strip myography 6 wk after induction showing contraction force following EFS at different frequencies. (A) EFS on a muscle strip from an oil-injected
mouse (left), and effect of atropine on that muscle (right). (B) EFS responses on muscle strip from a TMX-injected mouse (left) and effect of atropine on that strip
(right). (C) Summary data are shown as mean and max–min range, n = 3–4 strips/bladder from 4 mice/group. Statistical analysis with multiple comparisons was done
by 2-way ANOVA with Tukey’s multiple comparisons testing. ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001. Where significance is indicated the comparisons are with the “oil”

control group. The “TMX+atrop” data were compared with “TMX” and were not significantly different at any frequency.

mRNA extracted from urothelium-stripped bladders of 4 oil-
injected Myh11β 1-fl/fland 4 TMX-injected Myh11β 1-fl/fl mice at 6 wk
postinjection. Somewhat surprisingly there were few detectable
changes in expression of major matrix proteins with the
exception of collagen III. An examination of interstitial mark-
ers (Figure 8B) revealed several interesting findings, including
robust up-regulation of fibroblast-specific protein 1 (FSP1) and
down-regulation of ectonucleoside triphosphate diphosphohy-
drolase 2 (NTPD2), a marker of interstitial cells that tend to
wrap around BSM muscle bundles and are present deep in the
lamina propria adjacent to the SM.17 These would suggest the
possible expansion of fibroblasts and with it the ability to lay
down additional ECM (consistent with the Masson trichrome
staining), while the NTPD2 population may be diminishing or
phenoconverting. The lack of change in Hif1α, Tgfβ, and Ccn2
suggests the tissue is neither hypoxic nor experiencing inflam-
mation,18 while the lack of change in ki67 indicates that cells
in the BSM are not proliferating. On balance, the picture pre-
sented suggests that myocytes in BSM are undergoing a pheno-
typic transition away from a contractile state to one that is more
synthetic.

Discussion

Transmembrane integrin receptors are central to the
mechanotranduction process because they both organize a
cytoskeletal signaling complex within focal adhesions and
preferentially focus tractional forces at these sites. Appropriate
intracellular signaling arising from physical distortion of tissue
during stretch and contraction forces during voiding require
participation of both the ECM and the tensional network of
the internal cytoskeleton. Force development is not possible
without cell anchoring both internally and externally2. As that
anchoring is dynamically regulated and fine-tuned constantly
by integrins, it led us to hypothesize that they are likely to be
critical to healthy functioning of the detrusor in the urinary
bladder.

We recently showed that β1-integrin is rapidly upregulated
in a mouse model of AUR8 and others showed similar findings
in a rat model of bladder stretch-injury.15 More broadly, inte-
grin signaling pathways have been shown to be dysregulated
in neuropathic bladder19,20 and diabetic bladder dysfunction.21

Therefore, to explore the role of integrins in a more targeted
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Figure 6. Western blotting on primary neurotransmitter receptors in BSM. (A)

Muscarinic acetylcholine receptor 2 (M2), (B) muscarinic acetylcholine receptor
3 (M3), and (C) purinergic receptor P2X1. Upper blots show the respective anti-
body binding to M3, M2, and P2X1, while the lower blots show beta-actin staining.

Quantitation by densitometry is shown beneath with receptor signals normal-
ized to actin. Data are mean ± SD (D) qPCR data on all three receptors showing
delta Ct values for mRNA extracted from 4 mice/group. Bars are mean and max–
min range. ∗ P < 0.05, ∗∗ P < 0.01 by unpaired 2-tailed t-test.

manner, we created a tissue-conditional and inducible knock-
out (Myh11β 1-fl/fl) to delete the major mechanosensory integrin
in the BSM of adult mice. Experiments confirmed that >90% of
β1-integrin protein was gone, 6 wk after a 1-wk regimen of TMX
injections. This loss also resulted in down-regulation of α1- and
α3-integrins, two of the most highly expressed alpha subunits
in BSM, while β3-integrin protein was elevated, possibly in com-
pensation (Figure 7). Turlo et al. studied a different SM knock-
out of β1-integrin and they also showed elevated β3-integrin in
bladder and intestine.22 Integrin αV in our model was also signif-
icantly upregulated, which is intriguing, since αVβ3 integrin was
specifically shown to be associated with SM proliferation and SM
phenotypic modulation in models of atherosclerosis.23,24

Unlike skeletal and cardiac muscle cells, which are termi-
nally differentiated, mature SM cells retain an ability to undergo
large-scale phenotypic conversion in response to genetic and
environmental factors.25,26 Physical forces experienced by SM
affect gene expression and can radically alter cell differentia-
tion.27–30 Perturbation through altered physical and inflamma-
tory stimuli, for example, plaque formation in large arteries, or
airway obstruction in emphysema or asthma, causes the SM to
phenoconvert from a physiologically quiescent contractile state

Figure 7. Western blotting and qPCR on other integrins in BSM. (A) α1-integrin

and (B) β3-integrin. Upper panels show specific antibody binding to vehicle (oil)
and TMX-treated mice at 56 days. Beta actin staining is below. Quantitation was
by densitometry normalized to actin. Data are mean ± SD (C) qPCR on other
integrin isoforms known to be expressed in bladder, showing delta Ct values for

mRNA extracted from 4 mice/group. Bars are mean and max–min range. ∗ P <

0.05, ∗∗ P < 0.01 by unpaired 2-tailed t-test.

to one that becomes pathologically activated and synthetic.31–33

Phenoconversion can occur when the mechanical cues received
are abnormal and sustained, leading to long term cell fate deci-
sions involving dedifferentiation, proliferation, and migration.

This phenotypic plasticity is also important in chronic dis-
eases of the bladder. There is now an awareness of the exten-
sive remodeling of the bladder that can undergo in a number
of settings, and how such remodeling is almost always accom-
panied by voiding impairment. Remodeling is seen in a number
of prevalent conditions, including neurogenic bladder and out-
let obstruction.34–36 In a systematic review of studies of human
bladder, outlet obstruction37 common themes noted included
early-stage hypertrophy of detrusor SM myocytes, followed at
later stages by increases in connective tissue:SM ratio, which
correlated with urodynamic findings such as reduced bladder
compliance and increased post-void residual volume. Bladder
dysfunction and remodeling also occurs with high prevalence in
diabetes.38,39 Mechanistically, however, the sequence of changes
that occur during bladder remodeling is poorly understood and
therefore difficult to halt or reverse.

There were several profound changes seen in both form and
function of the bladder after the loss of β1-integrin. Histologi-
cally, there was an increase in the content of collagenous ECM
and disrupted muscle bundle architecture (Figure 2) indicating
the conversion of cells within the BSM toward a more synthetic
phenotype. NTPD2 is a marker of an interstitial cell subpop-
ulation located adjacent to BSM and also intercalated within
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Figure 8. qPCR on genes related to (A) ECM and (B) interstitium, showing delta
Ct values for mRNA extracted from 4 mice/group. Bars are mean and max–min
range. ∗ P < 0.05, ∗∗ P < 0.01 by unpaired 2-tailed t-test. Gene nomenclatures are:
Col III (Col 3a1), Col 1 (Col1a2), Fibronectin (Fn1), Laminin α4 (Lama4), Laminin

β2 (Lamb2), Elastin (Eln), FSP (S100A4), Vimentin (Vim), CTGF (connective tissue
growth factor, Ccn2), and ki67 (Mki67).

it, where it wraps around SM bundles.17,40 Its downregulation
suggests a loss of these cells as the BSM remodeled. The ori-
gin of the newly deposited matrix is unclear but the elevated
transcriptional expression of fibroblast-specific protein 1 (FSP1,
aka S100A4) may indicate a population of activated fibroblasts
or myofibroblasts. Alternatively, myocytes may have phenocon-
verted from a contractile state to a biosynthetic one resembling
myofibroblasts. Despite the name, FSP1 is expressed by a num-
ber of other cell types, including macrophages, lymphocytes,
and myeloid cells,41 and indeed by SM.42 In a number of inflam-
matory settings, it is secreted, and once present in the extra-
cellular microenvironment, it can act as a damage-associated
molecular pattern and in this capacity has been implicated as
a key player in both fibrosis41,43 and SM phenoconversion.44

Despite the clear accumulation of additional ECM, qPCR analy-
sis indicated that classical markers of fibrosis (vimentin, TGFβ1,
HIF1α, and CTGF) were not elevated. This was somewhat sur-
prising but suggests that a phenotypic conversion of SM occurs
that is unrelated to inflammation and pathological fibrosis. As
such it speaks to the potency of integrin signaling in maintaining
normal SM homeostasis. Future experiments using single cell
transcriptomics (scRNA-seq) could answer important questions
regarding the origins of FSP1 and the newly synthesized ECM.

Although transcription of β1-integrin is eliminated by Cre
induction, the half-life of existing protein becomes key to the
onset of functional impairment. The progressing nature of the
phenotype can be seen in the void spot data (Figure 3). Serial
measurements of voiding behavior in the same groups of awake
unrestrained mice revealed an early phase response at day 18, in
which the average volume/PV increased 2-fold. This is likely to

be an accommodation response by the bladder to increased over-
all production of urine. Over time, however, the average voided
volume diminished but the number of voids and hence the fre-
quency increased. Cystometry confirmed increased frequency
and further revealed that the bladder had weaker contractions
and that both tone and compliance were impaired. These could
be due to inappropriate mechanosensation leading to a failure to
stimulate relaxation pathways during filling. The phenomenol-
ogy is likely to be multifactorial however, since we assume that
with matrix remodeling in the bladder wall, the mechanical
stiffness is also altered.

To investigate the apparent loss of contraction force dur-
ing voiding, we did muscle strip myography. These experiments
confirmed a dramatic reduction in electrical field stimulated
contraction force in the TMX-induced mice, and additional phar-
macology revealed that the loss was almost completely due to
reduced muscarinic responsiveness, with purinergic contractil-
ity relatively unaffected. Western blotting confirmed there was
a significant loss of M3 receptor, the primary functional acetyl-
choline receptor in BSM responsible for contractility.14 Con-
sistent with the muscle strip pharmacology, P2X1 levels were
unaltered. These data collectively point to a specific regula-
tory interaction between β1-integrin and M2/M3 acetylcholine
receptors.

It is clear from an extensive literature developed mainly
in airway SM that the muscarinic signaling from acetylcholine
leads to contraction in a manner that requires actin rearrange-
ments, integrin engagement, and downstream integrin signal-
ing.45–53 Indeed the mechanism appears to be widely conserved
as integrins have been shown to be necessary for SM contrac-
tion in multiple organs. Kim et al., for example, showed that car-
bachol treatment of bovine tracheal SM stimulated the recruit-
ment of integrin-binding protein alpha-actinin to the plasma
membrane,46 a finding supported by and expanded upon by
Zhang and Gunst.51 In their study, stimulation of canine tra-
cheal SM with acetylcholine increased the localization of alpha-
actinin at the membrane and the amount of β1-integrin that
coprecipitated with it. Furthermore, expression of an inhibitory
integrin-binding peptide reduced contraction in response to
acetylcholine, suggesting that recruitment of alpha-actinin to
integrin complexes is necessary for tension development in SM.
In renal vascular SM, it was shown that preincubating microp-
erfused afferent arterioles with an integrin-specific binding pep-
tide inhibited pressure-induced myogenic constriction,54 while
in human prostate SM, inhibiting α2β1 integrin pharmacologi-
cally in organ bath experiments, inhibited neurogenic contrac-
tion by EFS as well as by thromboxane A2.55 What has not been
shown before is that the loss of integrin signaling drives a spe-
cific downregulation of M2/M3 receptor expression. The applica-
tion of force to SM normally leads to rapid clustering of integrins
and formation of expanded focal adhesions. These platforms, in
turn, bring G-protein coupled receptors like M2 and M3 into close
physical proximity and regulate their activity and downstream
signaling. Without focal adhesions to organize them, it appears
that expression of M2 and M3 is downregulated and the SM loses
responsiveness to contractile stimuli.

Abnormal bladder contractility is a hallmark of several
clinically important conditions. Detrusor overactivity (DO) is
defined as a urodynamic observation characterized by involun-
tary detrusor contractions during the filling phase that may be
spontaneous or provoked and result in frequency and urgency.
It may or may not result in incontinence and first line treat-
ment involves the use of anticholinergics in an effort to quieten
contractility. Detrusor underactivity (DU) appears to represent
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the opposite symptomatic presentation with low flow rates and
inefficient emptying. The causes are poorly defined, but at least
in a subset, they probably have a myogenic origin. In some con-
ditions, such as diabetic cystopathy and benign prostatic hyper-
plasia, the bladder initially exhibits DO and then progresses to
DU as the bladder decompensates. The role of integrins as either
promotive of or responsive to these physical stresses is currently
understudied, but the phenomenology highlighted here upon
the loss of integrin signaling is very similar to certain clinical
presentations.

It is tempting to speculate that the loss of appropri-
ate mechanosensation results in a tissue that reorients to a
markedly different compensatory response that disincentivizes
contraction due to an inability to reorganize the cytoskeleton
to generate additional anchoring and force transmission. As a
further example of how muscarinic contraction, focal adhesion
formation, and ECM are interconnected, it was shown in airway
SM that addition of exogenous elastase (to alter ECM), modi-
fied muscarinic responses, and disrupted focal adhesion assem-
bly dynamics.56 In vitro experiments have also shown that ECM
proteins differentially regulate airway SM phenotype and func-
tion.57

In sum we have demonstrated a critical role for integrin sig-
naling in BSM in terms of its overall mechanobiology. The blad-
ders in the knockouts continued to function, although in a highly
dysregulated manner. The spectrum of effects noted, that is, the
loss of muscarinic contractility, the excessive deposition of ECM,
and the overactive phenotype exhibited, are highly reminiscent
of a number of bladder pathologies that encompass neurogenic,
metabolic, and incontinent phenotypes. Although speculative,
it is possible that a unifying hypothesis for a number of these
LUTS is that inappropriate physical stresses resulting in com-
pensatory integrin-mediated mechanosensory responses by SM,
which lead to biochemical sequelae that render both form and
function altered in chronic settings.
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