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A Novel In-Vitro System for the
Simultaneous Exposure of
Bladder Smooth Muscle Cells to
Mechanical Strain and Sustained
Hydrostatic Pressure
The novel hydrostrain system was designed in an effort to establish and maintain c
tions that simulate the in-vivo mechanical environment of the bladder. In this labora
system, ovine bladder smooth muscle cells on flexible, 10-cm-dia silastic membrane
exposed simultaneously to hydrostatic pressure (40 cm H2O, a pressure level currently
associated with bladder pathologies) and mechanical strains (up to 25 percent) u
standard cell culture conditions for 7 h. Under these conditions, Heparin Bind
Epidermal Growth Factor and Collagen Type III mRNA expression were significa
increased (p,0.01 and 0.1, respectively); however, no changes were observed in
lagen Type I mRNA expression. Decreases in the Collagen Type I:Type III ratio follo
simultaneous exposure of bladder smooth muscle cells to pathological levels of h
static pressure and mechanical strain in vitro are in agreement with clinically obse
increases in Collagen Type III with concomitant decreased human bladder complia
The results of the present study, therefore, provide cellular/molecular level informa
relevant to bladder pathology that could have significant implications in the field
clinical urology. @DOI: 10.1115/1.1449903#
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Introduction
In vivo, the effects of mechanical forces on the bladder w

and its constitutive components are necessary for normal, ph
ological development and are integral to the function of this
gan. For example, it has been hypothesized that poor develop
of the bladder wall in cases of exstrophy-epispadias complex
of bilateral single system ectopic ureters in females is due to
of mechanical stimuli on the detrusor during development@1–3#.
In contrast, conditions involving excessive mechanical force, s
as bladder outlet obstruction, have been associated with hype
phy of the bladder wall tissue, increased synthesis of extracell
matrix components, and subsequent loss of bladder tissue com
ance@4–7#. When bladder outlet obstruction persists over ma
years, the cellular and mechanical consequences of incre
bladder pressure and wall hypertrophy contribute not only to cl
cal deterioration of the bladder but, ultimately, to kidney dama
and/or failure as well@8#.

Several researchers@9–13# have exposed cultured bladde
smooth muscle cells, the predominant cell line of the bladder w
tissue, to various types of mechanical forces in vitro. Results
such studies have provided evidence that exposure of sm
muscle cells to mechanical strain~up to 25 percent at a frequenc
of 1 Hz! leads to a time-dependent increase in Heparin Bindi
Epidermal Growth Factor mRNA-levels~with maximum levels
after 4 hours of exposure to strain! @9#, increased HB-EGF pro-
moter activity @9#, and increased collagen Type III synthes
@10,11#. Subsequent work in our laboratories investigated the
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sponses of cultured bladder smooth muscle cells to hydros
pressure and reported similar effects@12#, as well as significant
alterations in the control mechanisms for collagen turnover@13#.
Although these systems have provided a starting point for un
standing the cellular- and molecular-level responses of the bla
tissue to mechanical forces, they suffer from important limi
tions. For example, the fashion in which the mechanical stimu
was applied~i.e., multiple cycles of stretch and relaxation p
minute @9–13# or isolated exposure to hydrostatic pressure in
absence of stretch@12#! failed, in many respects, to mimic th
events occurring in the bladder under normal, physiologic con
tions. In addition, the effects of hydrostatic pressure and of m
chanical strain applied simultaneously~that is, in a manner which
simulates the in-vivo mechanical environment of this organ! on
bladder tissue function, as well as the mechanism~s! behind these
responses, have not been investigated at the cellular/molec
level.

In order to address this issue, the present study involved
design of a novel laboratory system which would more clos
simulate the in-vivo environment of the bladder wall tissue; su
an in-vitro system must expose bladder cells simultaneously
both hydrostatic pressure and mechanical strain. For this rea
the novel hydrostrain system was designed to incorporate spe
cations pertinent to the in-vivo physiological and pathological m
chanical environment of bladder tissue and was used in
present study to simultaneously expose bladder smooth mu
cells to hydrostatic pressure of 40 cm H2O ~a pressure level cur-
rently associated with bladder disease and kidney failure! and me-
chanical strains in the range of 5 to 25 percent. Strain variation
this magnitude are appropriate for the present model beca
bladder tissue is exposed to various regional mechanical/mat

ity,
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conditions in vivo; recent studies used computed tomogra
~CT! reconstructions and confirmed that extremely complex, a
nonuniform, strain fields exist along various regions of the blad
wall tissue@14#.

This novel, custom-designed, and fabricated laboratory syst
along with in-vitro cellular models and molecular-level tec
niques, were then utilized in the present study to investigate
cellular and molecular-level responses of bladder smooth mu
cells simultaneously exposed to sustained hydrostatic pressure
to mechanical strain.

Materials and Methods

The Hydrostrain System

Preparation of Flexible Silastic Substrates.SYLGARD 184
Silicone Elastomer®~Dow Corning! was mixed~10:1, w/w! with
a silicone resin curing agent~Dow Corning! and de-aired by ex-
posure to vacuum at 25 in Hg for 30 min. The elastomer was t
poured to a sheet~0.160.003 cm thick! and cured at 23°C for 7
days. Following full cure, the silicone sheets were soaked in
HCl for 2 h, soaked in 1N NaOH for 1 hour, and sterilized in
steam autoclave at 250°F for 20 min.

Design of the Hydrostrain System.A novel laboratory setup
that allows simultaneous exposure of bladder smooth muscle c
to mechanical strain and hydrostatic pressure was designed
sembled, and calibrated. This system~schematically shown in Fig.
1! consisted of a machine-milled polycarbonate stretching syst
a 0.5-mm-thick silastic gasket~Dow Corning!, a flexible, silastic
membrane~1 mm thick; 10 cm in diameter; elastic modulus520
MPa!, and an O-ring. Filtered gas exchange was maintain
through a Teflon syringe filter~0.2 mm pore diameter; Micron
Separation Inc.!, which was also attached to the top of the cha

Fig. 1 Schematic diagram of the hydrostrain system. A sche-
matic diagram „not to scale … of the Hydrostrain System used to
expose bladder smooth muscle cells simultaneously to me-
chanical strains „up to 25 percent … and hydrostatic pressure „40
cm H2O…
Journal of Biomechanical Engineering

: https://biomechanical.asmedigitalcollection.asme.org on 06/28/2019 Terms of U
hy
nd
er

em,
-
the
scle
and

en

1N
a

ells
, as-

em,

ed

-

ber. The hydrostrain system was fully assembled, screw-tighte
sterilized by autoclaving at 250°C for 20 min, and allowed to
dry at room temperature in a sterile environment overnight.

Strain Quantification. Radial strain quantification measure
ments~for a given applied pressure! were performed empirically
by visualizing the circular flexible membrane deflection usi
video analysis@15#. Briefly, toner powder was used to imprin
marks of concentric circles on the silastic membrane surface.
hydrostrain system was then placed under a microscope/video
tem ~Nikon/Hitachi!, where images of the undeformed and d
formed ~with deflection resulting from exposure to 40 cm H2O
pressure! circles were captured using Image Pro Plus~Media Cy-
bernetics Image Analysis!; images of undeflected and deflecte
silastic membranes were stored electronically for later analysi
wax mold of the deflected membrane was also cast and use
determine the angle of inclination~with respect to a horizonta
line of sight! of the deformed silastic membrane.

The average radial strain,« r , at a given location,r, for a spe-
cific applied pressure was determined by the following equat
@15#:

« r5

LD

cosu
2LO

LO

where« r is the mechanical strain~a function only of radial posi-
tion, r!, LD is the deformed thickness~in mm! of an arc of the
membrane,LO is the original thickness~in mm! of an arc of the
membrane, andu is the angle~in deg! of inclination.

Simultaneous Exposure of Bladder Smooth Muscle Cells to
Mechanical Strain and Sustained Hydrostatic Pressure

Bladder Smooth Muscle Cell Isolation and Culture.Bladder
smooth muscle cells were isolated from explants of neonatal la
bladder muscularis using techniques we have previously descr
@16#, were maintained in Dulbecco’s Modified Eagle Mediu
~DMEM; Gibco!, supplemented with 10 percent fetal bovine s
rum ~Gibco!, and were cultured under standard cell culture co
ditions ~a sterile, humidified, 37°C, 95 percent air/5 percent C2
environment!. Smooth muscle cells were passaged using tryp
in a PET solution~an enzyme solution containing 0.01 perce
ethylene glycol bis-~b-aminoethyl ether! N,N,N8,N8,-tetraacetic
acid, 0.05 percent trypsin, 0.5 percent polyvinylpyrrolidine, 0
percent 4~-2-hydroxyethyl!-1-1 piperazineethanesulfonic acid, an
0.9 percent sodium chloride in distilled water; all chemicals we
obtained from Sigma!. The smooth muscle cell phenotype wa
confirmed using immunohistochemical staining fora-smooth
muscle actin using the Multispecies Ultrastreptavidin Detect
System~Signet Laboratories!.

All experiments were performed using cells of passage 2–5

Experiments. Prior to ovine bladder smooth muscle cell see
ing ~12,732 cells/cm2!, the silastic membranes were coated w
sterile fibronectin~20 mg/mL; Sigma! overnight and then gently
rinsed with sterile PBS. These cells were then cultured under s
dard cell culture conditions for one day. At that time, bladd
smooth muscle cells were simultaneously exposed to mecha
strains of up to 25 percent and hydrostatic pressures of 40 cm2O
for 7 consecutive hours. Designated hydrostatic pressures~and
resulting strains! on the cell layer were achieved by applyin
~over approximately 30 min! and maintaining pressure with
60-mL sterile syringe~Corning! attached to the pressure port~by a
four-way stopcock!.

Smooth muscle cells maintained under 0.3 cm H2O pressure
and no mechanical strain, on either flexible silastic substrates~10
cm dia! or rigid tissue-culture plastic-ware~10-cm-dia petri
dishes!, under similar cell culture conditions and time period
were controls.
APRIL 2002, Vol. 124 Õ 209
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mRNA Expression of Heparin Binding-Epidermal Growth Fa
tor (HB-EGF), Collagen Type I, and Collagen Type III.At the
end of the experiments, mRNA from ovine bladder smooth mus
cells simultaneously exposed to pressure~40 cm H2O! and me-
chanical strain~up to 25 percent! for 7 h, as well as from smooth
muscle cells maintained under 0.3 cm H2O pressure and no me
chanical strain, but otherwise similar conditions~controls!, were
digested using Triazol~Gibco!, extracted using chloroform, an
precipitated using isopropanol.

Reverse transcriptase-polymerase chain reaction was perfo
using sample aliquots of 0.5–1.0mg/mL RNA, and the Ambio
Retroscript Kit with primers~200 pmole/mL; Gibco! specific to
either heparin binding-epidermal growth factor~HHBEGF!, col-
lagen I ~HSCOL1A2!, or collagen III ~HSCOL3A1!. cDNA for
heparin binding-epidermal growth factor~HB-EGF!, Collagen I
~Col I!, Collagen III ~Col III !, and glyceraldehyde 3-phospha
dehydrogenase~GAPDH! were then amplified through 25 cycle
of denaturing~at 94°C for 3 min!, denaturing~at 94°C for 1 min!,
annealing~at 60°C for 2 min!, extending~at 72°C for 2 min!, and
finally extending~at 72°C for 7 min!.

Electrophoresis of cDNA samples was performed in a Joey
Casting System~Owl! containing TBE running buffer across
constant voltage of 200 V for approximately 1.5 h. The amoun
cDNA per lane~bands of either HB-EGF, Collagen I, Collagen II
or GAPDH! was then measured using a phospho-imager~Molecu-
lar Dynamics! and used as an indicator of mRNA expression.

All experiments were repeated three separate times.

Statistical Analysis. All numerical data were analyzed usin
Student’s t-test.

Results

Radial Strain of Flexible, Silastic Membranes. The strain
distribution on the circular, silastic membranes was nonunifo
biaxial, and composed of radial strains (« r) and circumferential
strains («u). In this analysis, radial strains~which were dependen
only upon radial location! were used as an indicator of stra
magnitude. Table 1 summarizes the calculated average ra
strain at various points along a representative circular, sila
membrane similar to those used in the present study follow
exposure to sustained hydrostatic pressures of 40 cm H2O.

Effects of Mechanical Strain and Sustained Hydrostatic
Pressure on Ovine Bladder Smooth Muscle Cell Function.
Due to the hydrophobic nature of silastic, all such membra
were pre-coated with fibronectin~25 mg/mL! before use in cell
experiments. Figure 2 illustrates bladder smooth muscle cells
herent onto either tissue culture polystyrene~Frame A! or onto
these flexible, fibronectin-coated, silastic membranes~Frame B!
under control conditions~that is, cells maintained under 0.3 c
H2O pressure but no mechanical strain! for 7 h. These results
provided evidence that the bladder smooth muscle cells use
the present study did adhere to the fibronectin-coated, sila
membranes; moreover, these cells expressed similar cell morp
ogy both on the flexible, silastic membranes and on the rig
tissue-culture polystyrene.

Using the hydrostrain system with the flexible, silastic me
branes, ovine bladder smooth muscle cells were simultaneo
exposed to mechanical strain of up to 25 percent and to hy
static pressure of 40 cm H2O under standard cell culture cond
tions for 7 consecutive hours. mRNA levels for Heparin Bindin
Epidermal Growth Factor~HB-EGF!, Collagen Type I, and
Collagen Type III were measured and normalized to referen
~that is, cells maintained on rigid, tissue-culture polystyrene s
strates under 0.3 cm H2O pressure but no mechanical strain; Fig
3, 4, and 5, bar A!.

Compared to control cells maintained on flexible, silastic s
strates under 0.3 cm H2O pressure but no mechanical strain~Fig.
3, bar B!, HB-EGF mRNA levels of ovine bladder smooth musc
cells ~in serum-free DMEM! exposed simultaneously to mechan
210 Õ Vol. 124, APRIL 2002
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cal strains of up to 25 percent and to hydrostatic pressure of 40
H2O ~Fig. 3, bar C! increased by more than 25 percent; this i
crease was significant (p,0.01).

Collagen Type I mRNA levels of ovine bladder smooth mus
cells ~in serum-free DMEM! simultaneously exposed to mechan
cal strains of up to 25 percent and to hydrostatic pressure of 40
H2O ~Fig. 4, bar C! were similar to levels obtained from contro
cells maintained on flexible, silastic substrates under 0.3 cm H2O
pressure but no mechanical strain~Fig. 4, bar B!.

However, Collagen Type III mRNA levels of ovine bladde
smooth muscle cells~in serum-free DMEM! on flexible, silastic
membranes simultaneously exposed to mechanical strains of u
25 percent and to hydrostatic pressure of 40 cm H2O ~Fig. 5, bar
C! increased by 13 percent compared to the levels obtained f
control cells maintained on flexible, silastic substrates under
cm H2O pressure but no mechanical strain~Fig. 5, bar B!.

Discussion
Despite the fact that bladder development and function are

fluenced by the mechanical forces that act on the bladder
under both physiological and pathological conditions, the iden
and magnitude of the mechanical stimuli which are respons
for maintaining bladder tissue integrity and/or affecting patholo
cal change remain ill-defined. In order to understand the relat
ship between mechanical stimuli and bladder tissue function at
cellular level, some researchers have investigated the effec
axial stretch on bladder cell function@9–11# and have shown tha
exposure of bladder smooth muscle cells to mechanical strain~of
up to 25 percent at a frequency of 1 Hz! leads to a time-dependen
increase in Heparin Binding-Epidermal Growth Factor mRN
levels ~with maximum levels after 4 h of exposure to strain! @9#,
increased HB-EGF promoter activity@9#, and increased collagen
Type III synthesis@10,11#. Although these studies@9–11# have
provided some insight into the molecular-level changes in blad
cells following exposure to mechanical strain, the data are diffic
to interpret clinically since the stimulus was applied in a man
that did not simulate the mechanical environment of the blad
wall.

Table 1 Correlation between radial position „cm … and strain
„percent … for flexible silastic membranes simultaneously ex-
posed to sustained hydrostatic pressure and mechanical strain
using the hydrostrain system
Transactions of the ASME
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Previous work in our laboratories@12,13,16# investigated the
responses of bladder smooth muscle cells~the predominant cell
line of the bladder wall tissue! to hydrostatic~2–40 cm H2O!
pressure. Sustained hydrostatic pressure is an appropriate
chanical force to use when examining bladder smooth muscle
function in vitro, because it provides a reasonable first appro
mation of the conditions under which the soft tissue of the blad
operates during the slow process of the filling cycle; in additio
hydrostatic pressure~in cm H2O! is the parameter currently mea
sured in clinical urodynamic evaluations in order to assess
adequacy of the human bladder for storing urine. In our stud
involving hydrostatic pressure alone, cultured bladder smo
muscle cells exposed to various levels~4–40 cm H2O! of sus-
tained hydrostatic pressure exhibited significant changes in
proliferation @16#, a time-dependent upregulation in HB-EG
mRNA levels~with maximum values reaching three times that
controls levels! @12#, increased HB-EGF promoter activity@12#,
and reduced metalloprotease activity favoring collagen accum
tion @13#.

Although the sustained pressure studies provided new infor
tion regarding mechanism~s! of select functions of bladder smoot
muscle cells to physiological~0.3–10 cm H2O! and to pathologi-

Fig. 2 Ovine bladder smooth muscle cells adherent onto the
fibronectin-coated, flexible silastic membranes. Representative
light micrographs illustrating bladder smooth muscle cells ad-
herent onto either tissue culture polystyrene „Frame A … or onto
the flexible, fibronectin-coated, silastic membranes „Frame B …

under control conditions „that is, cells maintained under 0.3 cm
H2O pressure but no mechanical strain under standard cell cul-
ture conditions … for 7 hours. These results provided evidence
that the bladder smooth muscle cells used in the present study
did adhere to the fibronectin-coated membranes; moreover,
these cells expressed similar cell morphology on the flexible,
silastic membranes and on the rigid, tissue-culture polysty-
rene. Stain: Coomassie Blue. Magnification: 25X.
Journal of Biomechanical Engineering
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cal ~20 and 40 cm H2O! levels of hydrostatic pressure, this wor
did not consider the second mechanical force which is known
be present within the bladder. Specifically, an in-vitro system t
would more closely simulate the in vivo environment of the bla

Fig. 3 Normalized HB-EGF mRNA expression by ovine bladder
smooth muscle cells simultaneously exposed to mechanical
strain of up to 25 percent and to hydrostatic pressure of 40 cm
H2O. HB-EGF mRNA levels of ovine bladder smooth muscle
cells „in serum-free DMEM … on flexible, fibronectin-coated, si-
lastic membranes simultaneously exposed to mechanical
strain of up to 25 percent and to hydrostatic pressure of 40 cm
H2O „bar C … under standard cell culture conditions increased
„by more than 25 percent … compared to control cells main-
tained on flexible, silastic substrates under 0.3 cm H 2O pres-
sure but no mechanical strain „bar B …. Data are mean values
ÁSEM of three experiments and were normalized with refer-
ence „that is, cells maintained on rigid, tissue-culture polysty-
rene substrates under 0.3 cm H 2O pressure but no mechanical
strain; bar A … values taken as 100 percent. *pË0.01 compared
to control cells maintained on flexible, silastic substrates under
0.3 cm H2O pressure but no mechanical strain „bar B ….

Fig. 4 Normalized collagen type I mRNA expression by ovine
bladder smooth muscle cells simultaneously exposed to me-
chanical strain of up to 25 percent and to hydrostatic pressure
of 40 cm H 2O. Collagen Type I mRNA levels of ovine bladder
smooth muscle cells „in serum-free DMEM … on flexible,
fibronectin-coated, silastic membranes simultaneously ex-
posed to mechanical strain of up to 25 percent and to hydro-
static pressure of 40 cm H 2O „bar C … under standard cell cul-
ture conditions were similar to levels obtained from control
cells maintained on flexible, silastic substrates under 0.3 cm
H2O pressure but no mechanical strain „bar B …. Data are mean
values ÁSEM of three experiments and were normalized with
reference „that is, cells maintained on rigid, tissue-culture poly-
styrene substrates under 0.3 cm H 2O pressure but no mechani-
cal strain; bar A … values taken as 100 percent.
APRIL 2002, Vol. 124 Õ 211
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der wall must expose the pertinent cells simultaneously to b
hydrostatic pressure and mechanical strain. For this reason
novel hydrostrain system was designed to simulate specificat
pertinent to the bladder and was used in the present stud
simultaneously expose bladder smooth muscle cells~cultured on
fibronectin-coated, flexible, silastic membranes! to hydrostatic
pressure of 40 cm H2O ~a pressure level currently associated w
bladder disease and kidney failure! and mechanical strains of u
to 25 percent~a level that caused the flexible, silastic membran
to deflect! for 7 h; this system, therefore, established and ma
tained conditions that better simulated the in-vivo mechanical
vironment of the bladder wall tissue~specifically, gradual stretch
ing under slowly increasing levels of hydrostatic pressure ove
period of 3–4 h!.

Literature reports@15# have provided evidence that cells cu
tured on deflecting membranes experience different magnitude
strain depending upon their radial location. This was also the c
in the present study: radial strain magnitudes~for an applied pres-
sure of 40 cm H2O! were non-uniform across the silastic mem
brane surface area; specifically, the average radial strain va
between 5 and 25 percent, with the highest radial strains occur
at the outermost edges of the 10-cm-dia~0.1 cm thick! membrane
~Table 1!. Variations in radial strain on the silastic substrate, ho
ever, provided a reasonable model for the purposes of the pre
study since bladder tissue is also exposed to various regi
mechanical/material conditions in vivo; recent studies used c
puted tomography~CT! reconstructions and confirmed that e
tremely complex, and non-uniform, strain fields exist along va
ous regions of the bladder wall tissue@14#.

Using the novel in-vitro model, ovine bladder smooth mus
cells were simultaneously exposed to sustained hydrostatic p
sure~40 cm H2O! and mechanical strain~up to 25 percent! for 7
h; this regime of pressure and strain exposure resulted in a
percent upregulation (p,0.01) of Heparin Binding-Epiderma

Fig. 5 Normalized collagen Type III mRNA expression by ovine
bladder smooth muscle cells simultaneously exposed to me-
chanical strain of up to 25 percent and to hydrostatic pressure
of 40 cm H 2O. Collagen Type III mRNA levels of ovine bladder
smooth muscle cells „in serum-free DMEM … on flexible,
fibronectin-coated, silastic membranes simultaneously ex-
posed to mechanical strains of up to 25 percent and to hydro-
static pressure of 40 cm H 2O „bar C … under standard cell cul-
ture conditions increased by 13 percent compared to levels
obtained from control cells maintained on flexible, silastic sub-
strates under 0.3 cm H 2O pressure but no mechanical strain
„bar B …. Data are mean values ÁSEM of three experiments and
were normalized with reference „that is, cells maintained on
rigid, tissue-culture polystyrene substrates under 0.3 cm H 2O
pressure but no mechanical strain; bar A … values taken as 100
percent. *pË0.1 compared to control cells maintained on flex-
ible, silastic substrates under 0.3 cm H 2O pressure but no me-
chanical strain „bar B ….
212 Õ Vol. 124, APRIL 2002
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Growth Factor~HB-EGF! mRNA levels over those obtained from
controls~or cells maintained on flexible, fibronectin-coated, sila
tic membranes under 0.3 cm H2O pressure but no mechanica
strain; Fig. 3!. These results are consistent with literature repo
of increased HB-EGF levels obtained following exposure of bla
der smooth muscle cells to hydrostatic pressure~of 40 cm H2O!
alone@12#.

The fact that HB-EGF levels increased with simultaneous
posure to mechanical strain and sustained hydrostatic pres
supports the concept that HB-EGF upregulation within the smo
muscle compartment is an important mechanism by which
bladder wall increases in mass in clinical syndromes involv
bladder outlet obstruction. Previous work in our laboratories
volving the inhibition of pressure induced bladder smooth mus
proliferation by CRM 197, a specific inhibitor of HB-EGF@17#,
suggests that this mechanism is primarily autocrine in nature@18#.

Compared to levels obtained from control cells~that is, cells
maintained on flexible substrates under 0.3 cm H2O pressure but
no mechanical strain!, ovine bladder smooth muscle cells expos
simultaneously to mechanical strain and hydrostatic pressure f
h expressed similar Collagen Type I mRNA levels~Fig. 4!, but
increased~by 13 percent! Collagen Type III mRNA levels~Fig. 5!.
Although Collagen Type I and Type III syntheses were not inv
tigated in the present study, it is reasonable to assume that~aside
from post-transcriptional modification of the Collagen RNA si
nal! increased Type III mRNA levels would result in subseque
increased Collagen Type III protein synthesis and release. Th
findings are consistent with results from in-vivo animal studies
which long-term outlet obstruction and increased pressures~above
40 cm H2O! for 6 mo in rabbit bladders resulted in hypertroph
~thickening! of the smooth muscle cell layer, as well as in d
creased bladder tissue compliance due to increased~relative to the
bladder wet-weight! amounts of connective tissue@19#. The ob-
served decreases in the Collagen Type I:Type III ratio under
multaneous exposure to mechanical strain and hydrostatic p
sure in the present study are in agreement with clinically obser
changes in the collagen composition of adult human bladders
those cases, increases in the relative amount of Collagen Typ
alone was correlated with decreased bladder tissue compli
@20#. In this respect, increased Collagen Type III mRNA, alo
with the unchanged mRNA levels of Collagen Type I, observ
when bladder smooth muscle cells were exposed simultaneo
to pressure and strain in the present in-vitro study, provided
first cellular- and molecular-level evidence of a mechanism beh
the decreased bladder wall compliance that accompanies bla
pathologies.

In summary, the present study presented a novel in-vitro sys
that closely simulates the mechanical environment of the blad
wall tissue that makes possible investigations of the effects
simultaneous exposure of cultured bladder smooth muscle cel
mechanical strain and hydrostatic pressure. The data obtaine
ing the hydrostrain system provided valuable insight into so
molecular-level mechanism~s! behind the responses of bladd
smooth muscle cells to physiological and to pathological levels
two ~that is, hydrostatic pressure and mechanical strain! forces
simultaneously. The hydrostrain system and the initial results p
sented in this paper pertain to conditions with direct relevance
clinical practice. Although more work needs to be complet
these preliminary studies provide evidence that our novel lab
tory system is a useful vehicle for future studies aimed at de
oping novel methodologies for treating bladder and kidn
disease.
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