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abstract

 

Smooth muscle cells undergo substantial increases in length, passively stretching during increases in
intraluminal pressure in vessels and hollow organs. Active contractile responses to counteract increased transmu-
ral pressure were first described almost a century ago (Bayliss, 1902) and several mechanisms have been advanced
to explain this phenomenon. We report here that elongation of smooth muscle cells results in ryanodine recep-

 

tor–mediated Ca

 

2

 

�

 

 release in individual myocytes. Mechanical elongation of isolated, single urinary bladder myo-

 

cytes to 

 

�

 

120% of slack length (

 

�

 

L 

 

�

 

 20) evoked Ca

 

2

 

�

 

 release from intracellular stores in the form of single Ca

 

2

 

�

 

sparks and propagated Ca

 

2

 

�

 

 waves. Ca

 

2

 

�

 

 release was not due to calcium-induced calcium release, as release was ob-
served in Ca

 

2

 

�

 

-free extracellular solution and when free Ca

 

2

 

�

 

 ions in the cytosol were strongly buffered to prevent
increases in [Ca

 

2

 

�

 

]

 

i

 

. Stretch-induced calcium release (SICR) was not affected by inhibition of InsP

 

3

 

R-mediated
Ca

 

2

 

�

 

 release, but was completely blocked by ryanodine. Release occurred in the absence of previously reported
stretch-activated currents; however, SICR evoked calcium-activated chloride currents in the form of transient in-
ward currents, suggesting a regulatory mechanism for the generation of spontaneous currents in smooth muscle.
SICR was also observed in individual myocytes during stretch of intact urinary bladder smooth muscle segments.
Thus, longitudinal stretch of smooth muscle cells induces Ca

 

2

 

�

 

 release through gating of RYR. SICR may be an im-
portant component of the physiological response to increases in luminal pressure in smooth muscle tissues.
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I N T R O D U C T I O N

 

Calcium release from the sarcoplasmic reticulum (SR)*
of muscle is a highly developed process involving the
coupling of signals at the sarcolemma to the gating of

 

SR Ca

 

2

 

�

 

 release channels. Thus, in skeletal and cardiac
muscle, depolarization of the sarcolemma triggers the
opening of ryanodine receptors (RYRs) either through
a physical association between the L-type Ca

 

2

 

�

 

 channel
and RYR1 (Tanabe et al., 1988; Tanabe et al., 1990; Na-
kai et al., 1998) or a rise in [Ca

 

2

 

�

 

]

 

i

 

 in the microdomain
of the L-type channel, which is sensed by RYR2 result-
ing in calcium-induced calcium release (CICR) (Fabi-
ato, 1983; Nabauer et al., 1989; Cannell et al., 1995; Lo-
pez-Lopez et al., 1995; Lipp and Niggli, 1996; Collier et
al., 1999). In smooth muscle, biochemical coupling be-
tween phospholipase C–linked receptors and InsP

 

3

 

 re-
ceptor (InsP

 

3

 

R) Ca

 

2

 

�

 

 channels on the SR serves an
analogous function in excitation–contraction coupling

 

(Baron et al., 1984; Somlyo et al., 1985, 1988). However,
despite the presence of a well developed InsP

 

3

 

-coupled

Ca

 

2

 

�

 

 release system, RYR-mediated Ca

 

2

 

�

 

 release has
been demonstrated in several forms in smooth muscle
(Ganitkevich and Isenberg, 1992; Nelson et al., 1995;
Imaizumi et al., 1998; Collier et al., 2000). This release
process takes the form of spontaneous Ca

 

2

 

�

 

 sparks
(Nelson et al., 1995) in nonspiking myocytes and CICR
in urinary bladder myocytes (Collier et al., 2000). In
fact, both processes likely involve CICR in that the
probability of opening of RYR channels is a function of

 

[Ca

 

2

 

�

 

]

 

i

 

. Thus, in spiking myocytes, the opening of
L-type Ca

 

2

 

�

 

 channels during the action potential re-
sults in a rise in [Ca

 

2

 

�

 

]

 

i

 

, which increases the probability
of release in the form of unitary Ca

 

2

 

�

 

 sparks (Collier et
al., 2000). Such a process is analogous to the spontane-
ous calcium release events observed in sarcomeric mus-
cle (Klein et al., 1996).

In many smooth muscle tissues, individual myocytes
are exposed to considerable mechanical stress and as-
sociated changes in cell length and it has long been
known that increases in passive tension evoke contrac-
tion of smooth muscle (Bayliss, 1902). One process by
which mechanical stress may couple to cellular activa-
tion is through the opening of mechano or stretch-sen-
sitive ion channels (Guharay and Sachs, 1984; Sigurd-
son et al., 1992). Stretch-activated cation channels have
been reported in smooth muscle and may promote E-C
coupling by depolarizing myocytes and by mediating
sufficient Ca

 

2

 

�

 

 flux to effect contraction (Kirber et al.,
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1988; Wellner and Isenberg, 1993a, 1994). Moreover,
Ca

 

2

 

�

 

 influx through these channels may be amplified
through CICR (Kirber et al., 2000). We reasoned that
alterations in cell length could trigger CICR in smooth
muscle through the activation of stretch-activated cat-
ion channels and designed experiments to examine
this possibility. Here we demonstrate that increases in
cell length result in the gating of RYR and the release
of Ca

 

2

 

�

 

 from the SR in the form of Ca

 

2

 

�

 

 sparks or
propagated Ca

 

2

 

�

 

 waves, depending on the degree of
cell stretch. However, this process does not require an
influx of extracellular Ca

 

2

 

�

 

 ions, activation of ionic
currents, or even a rise in [Ca

 

2

 

�

 

]

 

i

 

. Thus, stretch-
induced calcium release (SICR) may constitute an ad-
ditional form of coupling between the sarcolemma
and the SR.

 

M A T E R I A L S  A N D  M E T H O D S

 

Cell Isolation

 

Rabbits and mice were anesthetized and killed in accordance
with an approved laboratory animal protocol. Single rabbit cells
were prepared as described previously (Collier et al., 2000).
Briefly, the urinary bladder was removed, dissected in ice-cold ox-
ygenated physiological salt solution, minced, and suspended in
modified 1.5 mg/ml collagenase type II (Worthington Biochemi-
cal), 1 mg/ml protease type XIV, and 5 mg/ml bovine serum al-
bumin (Sigma-Aldrich) at 37

 

�

 

C for 35–40 min. Mouse bladder
myocytes were isolated by cutting the bladder into small pieces,
which were then incubated for 20 min in 1 mg/ml papain, 1 mg/
ml dithioerythritol, and 1 mg/ml bovine serum albumin Ca

 

2

 

�

 

-
free solution (see below). The fragments were then transferred
into 1 mg/ml collagenase type II and 100 

 

�

 

M Ca

 

2

 

�

 

 solution sup-
plemented with 1 mg/ml bovine serum albumin and incubated
for 10 min, then triturated with a wide-bore Pasteur pipette, and
passed through 125-

 

�

 

m nylon mesh. Cells were concentrated by
low speed centrifugation, washed with fresh medium, resus-
pended, and stored at 4

 

�

 

C.

 

Tissue Preparation

 

For imaging of isolated bladder tissues, the mouse bladder was
removed and the fibrosal and mucosal layers dissected away in
ice-cold Ca

 

2

 

�

 

 free solution. Muscle segments, 2–3 mm in length
and 100–200 

 

�

 

m in diameter, were cut using a fine dissecting
scissors. Each end of the strip was trimmed, wrapped in T-shaped
aluminum clips, and gently digested in 0.5 mg/ml collagenase
type II with 1 mg/ml bovine serum albumin for 5 min at 32

 

�

 

C.

 

Measurement of Ca

 

2

 

�

 

 Fluorescence

 

Single myocytes were incubated with 10 

 

�

 

M Fluo-4 a.m. (Molecu-
lar Probes) for 10 min at room temperature in a recording cham-
ber mounted on an inverted microscope (TE300; Nikon) and
perfused with physiological salt extracellular solution for 40 min
at room temperature. The extracellular solution was (mM): 140
NaCl, 5.4 KCl, 1.8 CaCl

 

2

 

, 1.2 MgCl

 

2

 

, 10 HEPES, and 10 glucose
(pH 7.4, adjusted with NaOH). For the Ca

 

2

 

�

 

-free extracellular so-
lution, CaCl

 

2

 

 was omitted from the above solution or 3 mM
EGTA and 1 mM CaCl

 

2

 

 was used to clamp free [Ca

 

2

 

�

 

] at 

 

�

 

100
nM, as indicated. Solutions were changed using a gravity perfu-
sion system providing complete solution exchange within 30 s.
Cell stretch was accomplished using two patch pipettes attached

to separate manipulators, and tip-loaded with Fluo-4 pentapotas-
sium salt to facilitate detection of the degree of stretch. Pipettes
were sealed to cells either by suction to form a high resistance
seal, or by coating the pipette tip with polyurathane foam (Great
Stuff; Flexible Products Co.). Cells were stretched by moving the
pipettes along the longitudinal cell axis; stretch from slack
length (L

 

1

 

) to a new length (L

 

2

 

) is reported as the percent in-
crease in cell length, or (L

 

2

 

 

 

� 

 

L

 

1

 

)/L

 

1

 

. For experiments in tissue
segments, the preparations were incubated with Fluo-4 a.m. (10

 

�

 

M) and 0.05% pluronic acid for 1 h and transferred via a fine
glass rod to a 60-

 

�

 

l solution trough mounted on the inverted mi-
croscope. The T-clips were placed over fine wire hooks to sus-
pend the preparation and the segments were lowered to the bot-
tom of the trough, which was made from a thin quartz coverslip.
The strip was initially stretched by a few percent over slack length
to approximate resting length. All experiments were performed
at room temperature.

Fluo-4 fluorescence was recorded using a laser scanning confo-
cal head (Radiance 2000; BioRad Laboratories) attached to an
inverted microscope (TE-300; Nikon) with a plan-apo 60

 

�

 

 water
immersion objective (1.2 n.a.; Nikon). Cells were excited with
488 nm light from a krypton/argon laser and linescan or x-y im-
ages recorded using Lasersharp software (Bio-Rad Laboratories).
Linescans were obtained at an interval of 1.33 or 0.833 ms per
line; x-y images (128 pixels 

 

�

 

 30 or 40 lines) were recorded at an
average frame rate of 37.5-, 44-, or 57.3-ms intervals. Images were
analyzed using LaserPix version 4.2 software (Bio-Rad Laborato-
ries). Fluorescence profiles were constructed from x-y and lines-
can images using LaserPix or custom developed software. For x-y
images a mean baseline fluorescence intensity (F

 

0

 

) was obtained
by averaging a quiescent area of the cell (four or five pixel diam-
eter) for the first 20 images. A three pixel diameter area of inter-
est was centered on a Ca

 

2

 

�

 

 spark and the average value (F) of
that area divided by F

 

0

 

 on a frame-by-frame basis. For linescan im-
ages, F

 

0

 

 was obtained by averaging the fluorescence for each
pixel (x dimension) for a period preceding activation of a Ca

 

2

 

�

 

spark, and the fluorescence of all pixels (F) was divided by F

 

0

 

.
Profiles were constructed by averaging three pixels bisecting a
Ca

 

2

 

�

 

 spark for each time point in the scan.

 

Patch-Clamp Recording

 

Membrane currents were recorded during single-cell stretch ex-
periments using whole-cell voltage clamp methods. In these ex-
periments, one of the two stretching pipettes also served as a re-
cording pipette and was filled with intracellular solution; after
seals were formed at both ends, the membrane patch was rup-
tured in the recording pipette and cell lengthening was achieved
by moving the nonrecording pipette. The intracellular solution
was (mM): 130 CsCl, 1 MgCl

 

2

 

, 10 Hepes, 0.075 EGTA, 1 Mg-ATP
(pH 

 

�

 

 7.2, adjusted with CsOH), and a seal formed in the mid-
dle of the cell. In some experiments high concentrations of mo-
bile calcium buffer were used to clamp [Ca

 

2

 

�

 

]

 

i

 

; in these experi-
ments the above solution contained 17 mM EGTA with CaCl

 

2

 

 ad-
justed to fix [Ca

 

2

 

�

 

]

 

i

 

 at either 100 nM (7 mM CaCl

 

2

 

) or 

 

	

 

10 nM
(1 mM CaCl

 

2

 

), as determined using the WINCMAXC program
(Chris Patton, Stanford University, Stanford, CA). The extracel-
lular solution used in the membrane current recording was the
same as described above. 100 mM NaCl was replaced by an
equimolar amount of sodium glutamate to examine current se-
lectivity. Currents were recorded in the whole-cell configuration;
cells were clamped at 

 

�

 

60 mV and voltage protocols imposed us-
ing an Axopatch 200 B amplifier and pCLAMP software (Axon
Instruments, Inc.). The current reversal potential were measured
by a ramp (from 

 

�

 

80 to 80 mV) depolarization protocol; cur-
rents were not corrected for leakage.
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R E S U L T S

 

Stretch Induces Ca

 

2

 

�

 

 Sparks and Ca

 

2

 

�

 

 Waves in Single 
Smooth Muscle Cells from the Urinary Bladder

 

To examine the effect of cell length on intracellular
Ca

 

2

 

�

 

 release, we examined Fluo-4 fluorescence in sin-
gle myocytes by confocal microscopy during and after
changes in cell length achieved by moving a pipette
attached to one end of the cell along the long axis of
the cell. As shown in Fig. 1 A, elongation of a rabbit
urinary bladder myocyte by 

 

�

 

20% of resting length
typically evoked a series of Ca

 

2

 

�

 

 sparks observed in a

time series (x-y) of images obtained every 40 ms. In 47
experiments of this kind (26 rabbit and 21 mouse
bladder myocytes), Ca

 

2

 

�

 

 sparks or waves were ob-
served in 35 (75%) cells. Unitary Ca

 

2

 

�

 

 sparks were
similar in amplitude and time course to previous re-
ports (Nelson et al., 1995; ZhuGe et al., 1998; Bolton
and Gordienko, 1998; Collier et al., 2000) (Table I)
and Ca

 

2

 

�

 

 sparks occurred repeatedly at the same cell
area or areas (Fig. 1 A), the so-called frequent dis-
charge sites that have been reported for spontaneous
Ca

 

2

 

�

 

 sparks (Gordienko et al., 1998, 2001). Although
spontaneous Ca

 

2

 

�

 

 sparks are quite infrequent in rest-

Figure 1. Stretch induces
Ca2� sparks in single rabbit
urinary bladder myocytes. (A)
Above, sequential confocal
images obtained during a
spontaneous Ca2� spark
(top), and after stretch-
induced Ca2� sparks after se-
quential stretch to �19.5 and
22% of cell length. Note that
the Ca2� sparks initiate from
the same area of the cell and
are of similar time course and
amplitude. The cell position
shifts following each elonga-
tion. Images were obtained at
57.3-ms intervals (pixel size
0.30 �M). The color bar at
right indicates the pseudo-
color representation of the
minimum and maximum
pixel values. The boxes in the
first image indicate the area
in which the pixel values were
averaged from all images for
the fluorescence profile (be-
low). Below, the fluorescence
profile (F/F0) indicates the
generation of multiple Ca2�

sparks in the same area
(white box), whereas no in-
crease is detected in another
region of the cell (gray box).
The images above corre-
spond to the spontaneous
Ca2� spark and the first
sparks after each stretch. The
fluorescence profile was ob-
tained by dividing the pixels
in the area shown by the aver-
age cellular fluorescence un-
der resting conditions (no
Ca2� sparks). �L indicates the
extent of stretch [(L2 � Ls)/
Ls], where Ls is the slack
length of the cell. (B) Line-
scan image obtained before

and during stretch of a myocyte shows two Ca2� sparks arising from the same location shortly after the cell was stretched (arrow). The im-
age was obtained at an interval of 1.33 ms/line (pixel size 0.50 �M). The fluorescence profile from the linescan is shown below.
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ing urinary bladder myocytes (Collier et al., 2000), oc-
casionally as shown in Fig. 1 A, spontaneous Ca2�

sparks and stretch-induced Ca2� sparks could be ob-
served in the same cell, allowing us to observe that
they initiate from the same subcellular region. Ca2�

sparks were observed to occur repeatedly in elongated
cells while the cells were at the new length (�10 s), al-
though a prominent decay in activity occurred during
this time (see below); following return to resting
length Ca2� spark frequency returned to baseline.
The phenomenon of stretch-induced Ca2� sparks was
quite repeatable. In some cells tested, cell stretch
evoked Ca2� waves that propagated throughout the
cell; stretch-induced Ca2� waves propagated at a speed
similar to previously reported Ca2� waves evoked by
CICR (Collier et al., 2000). As observed previously,
the time course of Ca2� sparks varied substantially
based on the size of the underlying release event; that
is, larger events that were locally propagated as Ca2�

waves had a substantially longer decay halftime than
smaller, nonpropagating events.

Ca2� sparks were also measured in linescan (x-t)
mode to more accurately determine kinetics of Ca2�

sparks activated by stretch and to assess the average
time delay between the onset of stretch and Ca2� re-
lease (Fig. 1 B). As in time series measurements, cell
elongation resulted in one or more Ca2� sparks. In
these experiments, in which cells were stretched by a
single, brief movement of the manipulator, the delay
between the onset of mechanical stretch and the first
Ca2� spark was 2.15 
 0.48 s (n � 11). Mean parame-
ters for discrete Ca2� sparks observed in linescan mea-
surements are listed in Table I.

The pattern of Ca2� release during cell elongation
was also examined. Step increases in cell length were
imposed to determine if Ca2� release was sustained or
accommodated, and whether Ca2� release could be re-
peatedly obtained with subsequently imposed changes
in cell length. Fig. 2 shows the fluorescence profiles
from several experiments of this kind in which the de-
gree and duration of length changes was varied. These
experiments demonstrated that Ca2� release was not
sustained in time, but accommodated gradually dur-
ing sustained cell stretch (A and B). This process did
not result from a loss of Ca2� from the SR or a com-

plete inactivation of the underlying release process;
however, since subsequent increases in cell length al-
ways resulted in additional Ca2� release. Two possibili-
ties could account for this pattern. First, the sensed
mechanical parameter may be the change in cell
length, rather than absolute tension, resulting in gat-
ing of release only during the initial phase of a step
change in length. The substantial delay in some re-
lease events relative to the length change, however,
seems to argue against such a mechanism. Moreover,
the increased Ca2� release with additional increases in
cell length observed in some experiments (e.g., B and
C) would suggest that the amount of Ca2� release is re-
lated to wall tension. An alternative explanation for
the prominent observed desensitization is that the
probability of gating of Ca2� release channels is a func-
tion of cell length and there is an inherent inactivation
process for gated channels, such that a fraction of
available channels are gated by the initial stretch
(which inactivate) and others by subsequent increases
in cell length, resulting in an accommodation of Ca2�

release at any given length.

T A B L E  I

Kinetics of Stretch-induced Ca2� Sparks in Rabbit and Mouse
Bladder Myocytes

Rise time Decay (t1/2) FWHM F/Fo

ms ms �m

32.9 
 3.3 66.8 
 11.3 2.11 
 1.33 1.54 
 0.15

n � 8 n � 8 n � 34 n � 26

FWHM, full width half max.

Figure 2. Pattern of Ca2� release during repeated and sustained
cell stretch. A–C show fluorescent profiles from x-y confocal im-
ages taken at 37.5-ms intervals; mouse myocytes were progressively
stretched from slack length as shown. (A) An initial stretch elicits a
burst of individual Ca2� sparks from the same area of a cell; the
sparks are not sustained, despite maintenance of the stretch. Fur-
ther lengthening of the cell elicits an additional spark, indicating
that the desensitization of the process does not reflect a loss of SR
Ca2�. (B) Initial stretch results in a single Ca2� spark. An addi-
tional stretch does not activate a spark, but further elongation re-
sults in multiple Ca2� sparks of declining amplitude from the same
site. (C) A large sustained stretch results in a Ca2� wave that propa-
gates across the cell, resulting in a sustained increase in the local
Ca2� profile.
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Stretch-induced Ca2� Sparks Are Independent of Ca2� Entry

Our previous experiments (Collier et al., 2000) indi-
cated that L-type Ca2� channels are loosely coupled to
RYRs through an increase in global [Ca2�], resulting in
a modified form of CICR in smooth muscle. We hy-
pothesized that passive increases in cell length result in
an increase in [Ca2�]i and CICR. Thus, despite the fact
that measurements of global [Ca2�]i did not indicate a
rise in [Ca2�]i, we thought it likely that small increases
in [Ca2�]i associated with the opening of stretch-acti-
vated Ca2� channels (Kirber et al., 1988; Wellner and
Isenberg, 1993a, 1993b) might not be detected in Ca2�

imaging experiments. We designed several experi-
ments to test this hypothesis (Fig. 3). First, cells were
examined in Ca2�-free extracellular solution to deter-
mine the dependence of the process on extracellular
Ca2� influx. Ca2� sparks were triggered by cell stretch
even in the absence of extracellular Ca2� in 16 cells (11
rabbit, 5 mouse), indicating that the stimulus for re-
lease was likely not Ca2� influx through stretch-acti-
vated cation channels. Moreover, similar results were
obtained with free Ca2� in the extracellular bath
clamped at 100 nM using EGTA in seven experiments
(four rabbit, three mouse), as shown in Fig. 3 A. Sec-
ond, experiments were performed in the presence of
Gd3�, which has been shown to block these channels.
Ca2� sparks were activated by cell stretch in the pres-
ence of Gd3� and no difference was observed in the
probability of stretch-activated Ca2� release (see Fig. 5
A). SICR was observed in five out of eight such ex-
periments (3/5 mouse and 2/3 rabbit). Third, we per-
formed simultaneous imaging and voltage-clamp ex-
periments to determine whether nonselective currents
were activated by cell stretch. No ionic currents pre-
ceded stretch-activated Ca2� sparks or waves, although
prominent calcium-induced chloride currents were ob-
served during these events (Fig. 3 B, see below). We did
not observe any stretch-induced cation currents in ex-
periments on rabbit or mouse myocytes, which may in-
dicate a species difference relative to previous reports
of these currents in bladder smooth muscle (Wellner
and Isenberg, 1994). Finally, a series of experiments
were performed under intracellular Ca2� buffering
conditions that disrupt CICR (Collier et al., 2000). We
reasoned that an augmentation of [Ca2�]i might occur
by one of several mechanisms when cells are stretched,
resulting in a modified form of CICR. However, preven-
tion of such a rise in [Ca2�]i by dialysis with high buffer-
ing capacity solution (17 mM EGTA, [Ca2�]i clamped
at �100 nM) did not inhibit stretch-induced Ca2� re-
lease (Fig. 3 B). In these experiments, stretch was initi-
ated 30 s after rupture of the membrane patch to pre-
vent depletion of SR Ca2� stores; dialysis with EGTA
prevents a rise in global [Ca2�]i, but the excess Ca2�

buffer does not completely buffer local Ca2� increases

near release sites, allowing detection by the Ca2� indi-
cator (Collier et al., 2000). Although [Ca2�]i is not
completely clamped under these conditions (since
brief, spatially restricted increases are observed), this
experiment mimics those which disrupt coupling be-
tween ICa and Ca2� release (Collier et al., 2000), further
indicating that stretch-activated Ca2� release is inde-
pendent of extracellular Ca2� influx and does not re-
quire a global increase in [Ca2�]i. In additional experi-
ments (unpublished data), we observed SICR in cells
dialyzed with 17 mM EGTA internal solution and
[Ca2�]i clamped at 	5 nM. These latter experiments
suggest that SICR is not likely to occur through an in-
crease in sensitivity of the CICR system to Ca2�, since
buffering [Ca2�]i to very low values did not inhibit Ca2�

release.

Stretch-induced Ca2� Release Is Associated with RYR Gating

Ca2� release from the SR in smooth muscle is mediated
by two intracellular calcium channels: inositol trisphos-
phate receptor (InsP3R) and RYR channels. Both of
these tetrameric channel complexes are Ca2� sensitive

Figure 3. Stretch-induced Ca2� release does not require Ca2�

entry or a rise in [Ca2�]i. (A) Fluorescence profile from a series of
confocal images of a mouse myocyte indicates that stretch results
in a Ca2� wave in a cell perfused with Ca2�-free extracellular solu-
tion. (B) Stretch-induced Ca2� sparks/waves trigger inward cur-
rents in the presence of 50 �M GdCl3 in a mouse myocyte, which
blocks stretch-activated nonselective cation channels. The cell was
stretched shortly before activation of the inward currents, which
are calcium-activated chloride currents and indicate Ca2� release
(see Fig. 5). (C) Fluorescence profile obtained from a mouse cell
dialyzed with 17 mM EGTA internal solution ([Ca2�]i clamped at
100 nM). Repeated Ca2� release events were observed following
cell stretch in the presence of 17 mM mobile Ca2� buffer. Equiva-
lent results were obtained with [Ca2�]i clamped to 	5 nM.



538 Stretch-induced Calcium Release in Smooth Muscle

and can support local (Ca2� sparks and puffs) and spa-
tially transmitted (Ca2� waves) signaling (Berridge,
1997). To determine whether SICR is associated with
gating of InsP3R or RYR, we used inhibitors of each re-
ceptor and determined whether SICR was present. Fig.
4 B shows an example of a total of 15 experiments
(nine in rabbit, six in mouse) demonstrating that fol-
lowing incubation of myocytes with 10 �M ryanodine
for 30 min, cell stretch failed to induce Ca2� sparks, al-
though exposure of cells to mACH resulted in Ca2� re-
lease. Conversely, SICR was not inhibited by incubation
of cells with 2-APB (20 or 100 �M for 1 h), an InsP3 re-
ceptor–selective antagonist (Fig. 4 C). Equivalent re-
sults were obtained in 11 rabbit and 4 mouse myocytes,

whereas 2-APB completely inhibited muscarinic Ca2�

release (Fig. 4 C). These data, as well as the amplitude
and kinetics of stretch-induced Ca2� sparks (Table I), indi-
cate that myocyte stretch results in gating of RYR and the
production of Ca2� sparks similar to spontaneous events
(Nelson et al., 1995; Gordienko et al., 1998; ZhuGe et al.,
1998) or activated by CICR (Collier et al., 2000).

SICR Activates STICs and Macroscopic Ca2�-activated 
Chloride Currents

Ca2� sparks couple to the activation of sarcolem-
mal, calcium-activated potassium (Nelson et al., 1995),
and chloride (ZhuGe et al., 1998) currents, and

Figure 4. Stretch-induced
Ca2� release occurs through
RYR gating. (A) Control ex-
periment demonstrating a
stretch-activated Ca2� wave
following cell stretch. Images
shown are before, during,
and after the second stretch
of a mouse bladder myocyte.
The fluorescence profile
from the region of the initia-
tion of the Ca2� wave is shown
for the entire experiment be-
low. Pixel size � 0.95 �M. (B)
Similar experiment in a
mouse cell incubated with
2-APB (100 �M) to inhibit
InsP3R demonstrates SICR in
the form of Ca2� sparks, de-
spite the complete block of
Ca2� release by methacho-
line (mACH, 50 �M), indicat-
ing sufficient InsP3R block.
(C) Incubation with ryano-
dine (10 �M) abolished SICR
in a rabbit myocyte and this
effect was not due to SR de-
pletion, since methacholine
was capable of releasing Ca2�.
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Ca2� waves generate associated macroscopic currents
(Collier et al., 2000). We next examined the activa-
tion of calcium-activated chloride currents in experi-
ments using simultaneous recordings of membrane
current and confocal fluorescence in stretched, vol-
tage-clamped myocytes. In these experiments, one
patch pipette was tip-filled with fluo-4 and sealed to

the end of the cell for use as the “stretch” pipette and
a second, recording, pipette was sealed near the mid-
dle of the cell and used in the whole-cell mode. Cell
stretch consistently evoked inward currents that devel-
oped with a time course equivalent to the observed
Ca2� release; currents varied from very short, tran-
sient currents similar to spontaneous inward currents

Figure 5. Stretch-induced
Ca2� release activates STICs
and macroscopic Ca2�-acti-
vated chloride currents. (A)
Combined confocal and
patch-clamp recording from a
rabbit myocyte shows that
SICR activates inward cur-
rents temporally and quanti-
tatively linked to the Ca2� re-
lease. The experiment was
performed in the presence of
Gd3� (50 �M), which blocks
stretch-activated cation cur-
rents. The numbers above
each image indicate the rela-
tive timing of acquisition, be-
ginning just before the
stretch to 21%. Images were
obtained every 44 ms. Pixel
size � 1 �M. (B) Transient in-
ward currents associated with
calcium-activated chloride
channel gating. Current at
left occurred spontaneously,
whereas current at right was
evoked following cell stretch.
Note roughly similar ampli-
tude and kinetics. (C) I-V
curve obtained from a ramp
from �80 to 80 mV from a
holding potential of �60 mV
during stretch. Leak currents
from ramp obtained before
stretch have been subtracted.
In physiological salt solution
(left), stretch induces a linear
current with a reversal poten-
tial of �0, the equilibrium po-
tential for Cl�. Partial re-
placement of chloride with
the poorly permeant anion
glutamate shifts the reversal
potential to �18 mV, close to
the theoretical Cl� reversal
potential of 24 mV (right).
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(STICs) (Wang et al., 1992; Janssen and Sims, 1994),
to larger currents with a timecourse equivalent to the
underlying Ca2� waves. Stretch-activated STICs were
observed in 6 out of 11 mouse and 6 out of 10 rabbit
cells. Fig. 5 A shows the fluorescence magnitude from
the area of a cell in which a Ca2� spark was recorded,
and the simultaneously recorded transient current,
demonstrating the superposition of these events.
Moreover, as shown in Fig. 5 A, stretch-activated chlo-
ride currents were equivalent in the presence of 50

�M Gd3�, which blocks these currents in guinea pig
bladder urinary myocytes (Wellner and Isenberg,
1993a). STICs were observed in four out of eight such
experiments (3/5 rabbit and 1/3 mouse cells). More-
over, in this experiment Gd3� was present to block ac-
tivation of stretch-induced currents. In some experi-
ments, STICs were observed before and after the
stretch events, and the frequency of equivalent STICs
increased markedly during cell stretch. As shown in
Fig. 5 B, the amplitude and kinetics of currents trig-

Figure 6. Stretch-induced Ca2� waves in intact mouse urinary bladder smooth muscle tissue. Above, images from a confocal time series
obtained at 57.3-ms intervals. Individual boxed cell areas identify regions for which fluorescent profiles are shown below. A motion artifact
identifies the point of tissue stretch on the fluorescent profiles. Note the wave of calcium evoked in single cells as the tissue is stretched.
The full time series indicates evoked Ca2� waves within individual cells that are not transmitted to neighboring cells. Pixel size � 2.35 �M.
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gered by increases in cell length was equivalent to
spontaneous events observed before cell stretch.

Voltage ramps and step protocols employed during
activation of the current indicated that the reversal po-
tential in physiological salt solution was �0 mV (n �
7). Partial replacement of chloride with glutamate ions
(100 mM NaGlutamate substituted for NaCl) shifted
the reversal potential to 18 
 3.2 mV (n � 7; Fig. 5 C),
close to the theoretical chloride reversal potential of 24
mV, indicating that the currents were anion selective,
consistent with the opening of calcium-activated chlo-
ride currents, rather than stretch-activated cation cur-
rents. Using increases of cell length of �20%, we did
not observe stretch-activated cation currents in whole-
cell recordings of rabbit or mouse bladder myocytes,
and the current reversal potential of stretch-activated
chloride currents was not altered by inclusion of Gd3�

in the external solution.

Stretch-induced Ca2� Sparks and Ca2� Waves in Intact 
Smooth Muscle Tissue

If SICR is a physiological component of Ca2� regula-
tion in smooth muscle, the phenomenon should be ob-
served in multicellular preparations. Such a demonstra-
tion would also rule out the possibility that SICR is an
epiphenomenon associated with single myocytes and
possible damage associated with enzymatic dissocia-
tion. We therefore examined SICR in intact mouse uri-
nary bladder segments suspended between T-shaped
aluminum clips on a micromanipulator. Loading of
Fluo-4 was facilitated by brief (5 min) incubation of the
tissue with collagenase (see materials and methods).
An example of a typical experiment in which a muscle
segment was stretched from resting length is shown in
Fig. 6. Serial high speed confocal images revealed
sparks and Ca2� waves in most cells in muscle segments
following passive stretch of the tissue. Ca2� waves were
observed to propagate intracellularly, but not intercel-
lularly in these experiments.

D I S C U S S I O N

The release of free Ca2� ions from the sarcoplasmic
reticulum is a fundamental event in muscle contraction
and an array of biochemical and allosteric mechanisms
have evolved to link intracellular Ca2� release channels
with extracellular signals transduced at the sarco-
lemma. Unlike sarcomeric muscle, which responds to a
relatively limited set of inputs, smooth muscle sub-
serves diverse functions and, not surprisingly, the tissue
displays a correspondingly complex array of Ca2� mobi-
lization processes. Thus, a highly developed InsP3 re-
ceptor system mediates slow and sustained Ca2� release
following the binding of hormones or autocoids to cog-
nate receptors (Baron et al., 1984; Somlyo et al., 1985).

Ca2�-permeant sarcolemmal ion channels that are both
voltage- and ligand-gated allow direct influx of Ca2�

ions to the cytosol (Benham et al., 1985, 1987; Nelson
et al., 1988), and RYRs, which play a dominant role in
sarcomeric muscle excitation-contraction coupling, are
spontaneously active in many smooth muscles (Nelson
et al., 1995; ZhuGe et al., 1998) and are activated fol-
lowing the opening of L-type Ca2� channels during the
action potential (Imaizumi et al., 1998; Collier et al.,
1999). Here, we have expanded the set of signals
known to trigger Ca2� to include stretch of the sarco-
lemma, resulting in SICR. We have shown that this me-
chanical stimulus results in gating of RYR in a manner
that is independent of the gating of stretch-activated
channels or a rise in [Ca2�]i (Figs. 1, 3, and 4); that the
process results in the release of unitary Ca2� sparks at
predictable regions within a cell known as frequent dis-
charge sites (Bolton and Gordienko, 1998) or leads to a
wave of Ca2� release that is transmitted through the cy-
tosol and coupled to the activation of calcium-activated
membrane ion channels (Figs. 1 and 5); that there is an
intrinsic desensitization to the process, resulting in a
prominent accommodation to changes in cell length
(Fig. 2); and that the process occurs in smooth muscle
in situ (Fig. 6).

These findings may be viewed in the context of re-
cent demonstrations of mechanically induced increases
in [Ca2�]i in single cells (Niggel et al., 2000). Using col-
lagen-coated magnetite particles, Niggel et al. (2000)
demonstrated a transient rise in [Ca2�]i in astrocytes,
endothelial cells, and glioma cells in tissue culture. In
several, but not all, experiments, this Ca2� release oc-
curred in the absence of extracellular Ca2�, similar to
our findings. Interestingly, Ca2� release in some cells
was inhibited by xestospongin, suggesting activation of
InsP3 receptor–mediated Ca2� release. Stretch-depen-
dent Ca2� release has also been demonstrated recently
in cardiac muscle (Petroff et al., 2001). In this study,
spontaneous Ca2� sparks were observed to increase in
frequency in ventricular myocytes following mechani-
cal elongation. As in smooth muscle, the increase in
cardiac Ca2� sparks was not associated with stretch-acti-
vated ion influx, but was shown to involve the genera-
tion of nitric oxide. Together, these studies suggest that
multiple stretch-induced Ca2� release pathways may ex-
ist, and lend support for the demonstration of a SICR
mechanism that is independent of a rise in [Ca2�]i.

One important unresolved issue in smooth muscle is
the nature of the process or processes regulating so
called “spontaneous” calcium release events (Benham
and Bolton, 1986). Our results suggest that one ele-
ment in this regulation may be the degree of stretch of
the myocyte membrane: small increases in the length
of myocytes within muscles could result in transient
Ca2� release. Although Ca2� release appears to desensi-
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tize over time at any given level of cell length (Fig. 2),
additional step length changes result in further Ca2�

release. This could result in coupling between myocytes
within contracting tissue: mechanical linkage of myo-
cytes within a muscle would be expected to result in
contraction of one region of a muscle causing an in-
crease length of neighboring cells, with attendant Ca2�

release. Depending on the expression of calcium-acti-
vated potassium and calcium-activated chloride chan-
nels, and the cell membrane potential, the result would
be a hyperpolarizing or depolarizing stimulus. Simi-
larly, increases or decreases in cell length associated
with changes in luminal pressure in vessels and hollow
organs might be expected to affect Ca2� release and re-
sult in coordinated changes in electrical activity. Recent
data in which intravascular pressure and [Ca2�]i have
been simultaneously recorded are in general consistent
with the release of [Ca2�]i during increases in transmu-
ral pressure (Jaggar, 2001). In that study, elevations of
vascular pressure increased Ca2� spark frequency and
evoked Ca2� waves. Although this effect was abolished
by diltiazem and interpreted to be a result of pressure-
induced gating of L-type Ca2� channels, the data are
also consistent with pressure-induced gating of RYR,
resulting in depolarization through calcium-sensitive
conductances and activation of L-type channels.

The mechanism by which RYR channels are gated by
stretch is unclear. Despite previous reports of stretch-
induced cation currents in guinea pig urinary bladder
myocytes (Kirber et al., 1988), we were unable to ob-
serve these currents in rabbit or mouse myocytes, and
Ca2� release occurred under conditions in which such
currents would not be active (Ca2�-free or Gd3� exter-
nal solutions). Moreover, our data indicate that a rise in
[Ca2�]i is not required in this process, thereby raising
the possibility that SICR occurs by a mechanism quite
separate from CICR, and perhaps analogous to the al-
losteric gating of type 1 RYR in skeletal muscle. This
could be envisaged as an interaction between structural
elements within the myoplasm and RYR. However, an
attractive alternative hypothesis is that increases in cell
length result in a more favorable arrangement of RYR,
such that stochastic Ca2� release from the SR results in
the activation of sufficient RYR to generate a resolvable
Ca2� spark, whereas in the absence of close coupling
between RYR, such stochastic events remain below the
threshold of resolution. It would be difficult to rule out
this hypothesis experimentally, as addition of mobile
buffer would not be expected to disrupt such local cou-
pling. There is experimental evidence both for the cou-
pled gating of RYR (Stern et al., 1999; Marx et al.,
2001) for such a process in striated muscle and for the
importance of spatial ordering of individual elements
within the “calcium release units” (Protasi et al., 1998;
Franzini-Armstrong et al., 1999) influence of muscle

length on SR. It is difficult to imagine that this model
could adequately explain the data in Fig. 2, however,
where SICR occurs with additional lengthening follow-
ing desensitization of SICR from a previous stretch.
Rather, while the two above mechanisms need not be
mutually exclusive (increases in cell length could result
in RYR gating, which might then be more efficiently
coupled at lengths above slack length) it seems that the
most likely mechanism underlying SICR is through an
effect on RYR gating. Additionally, it appears that ei-
ther an intrinsic process of channel inactivation, or an
adaptation to the mechanical stimulus, is required to
explain the prominent desensitization that occurs at a
given length.

In summary, we have identified a process of SICR
from RYR. In smooth muscle cells, SICR appears to re-
lease Ca2� repeatedly from the same sites, and these ap-
pear to be identical to those from which spontaneous
Ca2� sparks occur. The process does not require the
gating of a sarcolemmal ion channel, nor a detectable
rise in [Ca2�]i. It will be interesting to determine the
extent to which this process occurs in other cells and
tissues, and the coupling mechanism between sar-
colemmal stretch and RYR gating.
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