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a b s t r a c t

In smooth muscles (SMs), cytosolic Ca2+ ([Ca2+]cyt) dynamics during an action potential are triggered by
Ca2+ influx through voltage-dependent Ca2+ channels (VDCCs) in the plasma membrane. The physiolog-
ical significance of Ca2+ amplification by subsequent Ca2+ release through ryanodine receptors (RyRs)
from the sarcoplasmic reticulum (SR) is still a matter of topics in SMs. In the present study, depolariza-
tion-evoked local Ca2+ dynamics in Ca2+ microdomain were imaged using total internal reflection fluores-
cence (TIRF) microscopy in mouse urinary bladder SM cells (UBSMCs). Upon depolarization under whole-
cell voltage-clamp, the rapid and local elevation of [Ca2+]cyt was followed by larger [Ca2+]cyt increase with
propagation occurred in a limited TIRF zone within �200 nm from cell surface. The depolarization-
evoked [Ca2+]cyt increase in a TIRF zone was abolished or greatly reduced by the pretreatment with
Cd2+ or ryanodine, respectively. The initial local [Ca2+]cyt increases were mediated by Ca2+ influx through
single or clustered VDCCs as Ca2+ sparklets, and the following step was elicited by Ca2+-induced Ca2+

release (CICR) through RyR from SR. The depolarization-induced outward currents, mainly due to
large-conductance Ca2+-activated K+ channel activation, were also markedly reduced by Cd2+ and ryano-
dine. In addition, TIRF analyses showed that the fluorescent signals of individual or clustered VDCC dis-
tributed in relatively uniform fashion and that a subset of RyRs in the subplasmalemmal SR also located
in TIRF zone. In conclusion, fast TIRF imaging successfully demonstrated two step Ca2+ events upon depo-
larization in Ca2+ microdomain of UBSMCs; the initial Ca2+ influx as Ca2+ sparklets through discrete VDCC
or their clusters and the following CICR via the activation of loosely coupled RyRs in SR located in the Ca2+

microdomains.
� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Cytosolic Ca2+ concentration ([Ca2+]cyt) is a key factor to regu-
late a wide range of physiological responses including muscle con-
traction, secretion, and neurotransmitter release [1]. In smooth
muscles (SMs), contractile stimuli elevate [Ca2+]cyt via two major
pathways; Ca2+ influx through voltage-dependent Ca2+ channels
(VDCCs) and receptor-operated Ca2+ channels in the plasma mem-
brane, and Ca2+ release from intracellular Ca2+ storage sites
through Ca2+-induced Ca2+ release (CICR) and inositol 1,4,5-tris-
phosphate-induced Ca2+ release mechanisms [2,3].

Depolarization-evoked local Ca2+ transients through ryanodine
receptors (RyRs) in the subplasmalemmal sarcoplasmic reticulum
(SR), termed as Ca2+ hotspots, were successfully imaged using
fast-scanning confocal fluorescent microscopy in SM cells (SMCs)
ll rights reserved.
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freshly isolated from urinary bladder and vas deferens of the
guinea-pigs [4,5] and mice [6,7]. Moreover, the Ca2+ hotspots
activated the large-conductance Ca2+-activated K+ (BKCa, also
known as KCa1.1) channels in the plasma membrane, contributing
to the repolarization phase of an action potential in SMCs. The
physiological significance of Ca2+ amplification by CICR through
mainly RyR type 2 from the SR during depolarization and action
potential is still a matter of topics in SMs [8].

Because changes in cytosolic Ca2+ signaling are varied spatially
and temporally [9], it is necessary for elucidating the physiological
significances to obtain Ca2+ images with high spatial resolution and
fast scanning. In the present study, the depolarization-evoked Ca2+

transients during depolarization was imaged with a Ca2+-sensitive
fluorescence indicator, fluo-4, using total internal reflection
fluorescence (TIRF) microscopy in SMCs freshly isolated from
mouse urinary bladder. A TIRF microscope enables detection of
the fluorescent-tagged proteins [10,11] including the ion channels
[12–16] distributed at the level of the plasmalemma and subplas-
malemma in a limited TIRF zone less than 200 nm from the cham-
ber bottom in living cells. Localized Ca2+ signaling [17,18]
including Ca2+ sparklet, which represents the Ca2+ transient due
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to spontaneous or evoked opening of single or clustered VDCC [19–
21], have been also investigated by use of TIRF, whereas the cou-
pling between Ca2+ influx through individual VDCC upon depolar-
ization and following local CICR in SMCs has been remained to be
confirmed by visualization.

2. Materials and methods

2.1. Ethical approval

All experiments were approved by the Ethics Committee of Na-
goya City University and were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals of the Japanese
Pharmacological Society.

2.2. Cell isolation

Single mouse urinary bladder SMCs (UBSMCs) were prepared
using a slight modification of previously described method [6]. In
brief, male mice (4–8 weeks old) were quickly killed by cervical
dislocation. Urinary bladder was dissected, cleaned of connective
tissues, and immersed for 30 min in Ca2+-free Krebs’ solution con-
taining 0.2% collagenase (Amano Enzyme, Nagoya, Japan) at 37 �C.
After the incubation, the solution was replaced with Ca2+- and col-
lagenase-free Krebs’ solution. Myocytes were isolated by gentle
agitation with a glass pipette. A few drops of cell suspension were
placed in a recording chamber. After these cells were settled, the
recording chamber was continuously perfused with the HEPES-
buffered solution at a flow rate of 2 ml/min. All experiments were
carried out at room temperature (24 ± 1 �C).

2.3. Solutions

The Ca2+-free Krebs’ solution had an ionic composition of
112 mM NaCl, 4.7 mM KCl, 1.2 mM MgCl2, 25 mM NaHCO3,
1.2 mM KH2PO4, and 14 mM glucose. The pH was adjusted to 7.4
by gassing with a mixture of 95% O2 and 5% CO2. The HEPES-buf-
fered solution had an ionic composition of 137 mM NaCl, 5.9 mM
KCl, 2.2 mM CaCl2, 1.2 mM MgCl2, 14 mM glucose, and 10 mM
HEPES. The pH of the solution was adjusted to 7.4 with 10N NaOH.
The pipette solution for electrophysiological recording contained
140 mM KCl, 1 mM MgCl2, 10 mM HEPES, and 2 mM Na2ATP. The
pH was adjusted to 7.2 with 1N KOH. A Ca2+ fluorescence indicator
was also added to the pipette solution as described below.

2.4. Electrophysiological recording

Electrophysiological experiments were performed using whole-
cell patch-clamp configuration with a CEZ-2400 amplifier (Nihon
Kohden, Tokyo, Japan), an analog–digital converter (DIGIDATA
1320A; Molecular Devices-Axon Instruments, Foster City, CA),
and pCLAMP software (Ver. 8.2; Molecular Devices-Axon Instru-
ments) in single SMCs, as described previously [16]. Depolarizing
stimuli from a holding potential of �60 to 0 mV for 50 ms were
applied.

2.5. TIRF imaging for [Ca2+]cyt measurement

Two-dimensional Ca2+ images were obtained by a TIRF imaging
system (Nikon, Tokyo, Japan), which consisted of a fluorescent
microscope (ECLIPSE TE2000-U; Nikon), an objective lens (CFI Plan
Apo TIRF 60�/1.45, oil immersion; Nikon), an EM-CCD camera
(C9100-12; Hamamatsu Photonics, Hamamatsu, Japan), and
AQUACOSMOS software (Ver. 2.6; Hamamatsu Photonics), as
described previously [16]. Recordings were started at least 3 min
after rupturing the patch membrane to make 100 lM fluo-4
(Invitrogen-Molecular Probes, Eugene, USA) for [Ca2+]cyt monitor
diffuse into the myocyte from the pipette solution. Fluo-4 was ex-
cited with a 488-nm argon laser (Coherent, Santa Clara, USA), and
the emission was collected using a filter cube (DM505/BA520; Ni-
kon). Fluorescent signal is described as F/F0, where F is the aver-
aged fluorescence intensity in the TIRF area during measurement
and F0 is that before the start of depolarizing stimulus. TIRF images
with the resolution of 178 nm per pixel (x�y) and less than 200 nm
(z) were scanned every 4.2 ms.

2.6. TIRF imaging for single-molecule analysis

Single SMCs were fluorescently stained with 100 nM DM-BOD-
IPY (�)-dihydropyridine (Invitrogen-Molecular Probes) for VDCC
or 100 nM BODIPY FL-X ryanodine (Invitrogen-Molecular Probes)
for RyR for approximately 10 min at room temperature, and then
the excessive indicator was thoroughly washed away from intra/
extracellular spaces for over 10 min. These fluorescent signals were
obtained by a method similar to fluo-4 imaging.

2.7. Immunocytochemistry

Single SMCs were fixed with 4% paraformaldehyde in phos-
phate-buffered saline (PBS) for 10 min at room temperature, and
excessive paraformaldehyde was removed thoroughly with PBS.
These cells were treated with PBS containing 0.2% Triton X-100,
1% normal goat serum (NGS, DakoCytomation, Glostrup, Denmark),
and primary antibody for VDCCa1C subunit (1:100 dilution; ACC-
003, Alomone Lab, Jerusalem, Israel) for 12 h at 4 �C. After washing
repeatedly in PBS, these were covered with PBS containing 0.2%
Triton X-100, 1% NGS, and Alexa Fluor 488-labeled secondary anti-
body solution (1:1000 dilution; Invitrogen-Molecular Probes) for
1 h at room temperature and then rinsed with PBS. TIRF images
were obtained as mentioned above.

2.8. Chemicals

Pharmacological reagents were obtained from Sigma–Aldrich
(St. Louis, USA) except for cadmium chloride, ryanodine (Wako
Pure Chemical, Osaka, Japan), HEPES (Dojin, Kumamoto, Japan),
and iberiotoxin (Peptide Institute, Osaka, Japan).

2.9. Statistics

Pooled data are shown as the mean ± S.E. Statistical significance
between two groups was determined by Student’s t-test. Signifi-
cant difference is expressed as ⁄p < 0.05 or ⁄⁄p < 0.01 in the figures.

3. Results and discussion

3.1. TIRF imaging of local Ca2+ transients during depolarization

The depolarization-evoked local Ca2+ transients, Ca2+ hotspots,
via CICR through RyRs in the subplasmalemmal SR were imaged
using TIRF microscopy in mouse UBSMCs. When myocytes were
depolarized for 50 ms from a holding potential of �60 to 0 mV,
several localized Ca2+ elevation as fluo-4 signals occurred in the
internal surface of plasma membrane at 4.2 and 8.4 ms after the
start of depolarization (Fig. 1A and B). At 12.6 ms after the depolar-
ization, [Ca2+]cyt was amplified in the TIRF area. The rate of [Ca2+]cyt

change reached the peak within 16 ms. The elevation of [Ca2+]cyt

returned to the resting level with a half decay time of approxi-
mately 500 ms. In confocal imaging that had the resolution of
0.33 � 0.27 lm per pixel and 1.2–1.5 lm to Z-axis direction and



Fig. 1. TIRF imaging of local Ca2+ transients during depolarization. Single smooth muscle cells of mouse urinary blabber (UBSMCs) were enzymatically isolated and then
loaded with a Ca2+-sensitive fluorescent indicator, 100 lM fluo-4, from a recording pipette. Myocytes were depolarized from a holding potential of �60 to 0 mV for 50 ms
using whole-cell patch-clamp techniques. Ca2+ images in a limited TIRF zone less than 200 nm from the chamber bottom were acquired every 4.2 ms. (A) Membrane current
(upper), [Ca2+]cyt (F/F0) in a TIRF zone (middle), and the rate of [Ca2+]cyt change (DF/F0dt) (bottom) during membrane depolarization in the absence (black) and presence (red) of
100 lM Cd2+ are plotted against time. F was calculated by the averaged fluorescence intensity of fluo-4 from the TIRF zone and normalized by the F0 obtained before the
depolarization (F/F0). The application of Cd2+ abolished the increases in [Ca2+]cyt and outward current by depolarization. (B) TIRF images during depolarization in the absence
(Control) and presence of Cd2+ are shown with time. The depolarizing pulse started at 0 ms. Upon membrane depolarization, [Ca2+]cyt immediately increased at several local
areas (Ca2+ sparklets as Ca2+ influx through single or clustered VDCCs; indicated by arrowheads) followed by larger increase in [Ca2+]cyt (CICR as Ca2+ hotspots). The
depolarization-elicited increase in [Ca2+]cyt was disappeared by the application of Cd2+. The transmitted image, surface reflective interference contrast (SRIC) image, and the
myocyte shape are also arranged (first line in Control). (C & D) Effects of Cd2+ on [Ca2+]cyt increase (C) and the peak amplitude of outward currents (D) evoked by depolarization
are summarized. Experimental data were obtained from five myocytes. The statistical significance is expressed as ⁄⁄p < 0.01 vs. control.
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scanned every 8.25 ms as reported previously [4–6], local Ca2+

transients at 8–10 ms after depolarization stimulation were identi-
fied as CICR in SMCs. With lower spatial resolution of confocal
imaging, it was difficult to separate the component of Ca2+ influx
through VDCCs from local Ca2+ transients evoked by depolariza-
tion. In this study, TIRF imaging with higher spatiotemporal reso-
lution clearly demonstrated the depolarization-evoked Ca2+ influx
through VDCCs prior to CICR in SMCs. In the measurement of
Ca2+ sparklet, which represents spontaneous or evoked opening
of single or clustered VDCC, the pipette solution contains EGTA at
a high concentration (>5 mM) to prevent CICR in cerebral arterial
SMCs [21,22]. In the present study, the pipette solution did not
contained EGTA and, thereby, clearly showed both initial Ca2+ ele-
vation, which corresponds to evoked Ca2+ sparklet [21,23], and fol-
lowing Ca2+ hotspot, together with BKCa channel currents during
depolarization. The delay of CICR occurrence from the sparklet
was about 4–5 ms, which presumably corresponding to the loose
coupling between them in contrast to that in cardiac myocytes
[24].

3.2. Blockage by Cd2+ on depolarization-induced Ca2+ influx

It is expected that the rapid elevation of [Ca2+]cyt during depo-
larization is caused by Ca2+ influx via VDCCs. Effects of Cd2+, a
blocker of VDCCs, on changes in [Ca2+]cyt and membrane current
by depolarization were, therefore, examined in mouse UBSMCs.
When the myocytes were again depolarized 5 min after the first
depolarization (as control), changes in [Ca2+]cyt in the presence of
100 lM Cd2+ were monitored (Fig. 1A and B). The application of
Cd2+ almost abolished the elevation of [Ca2+]cyt by depolarization
(0.28 ± 0.20 DF/F0, n = 5, p < 0.01 vs. control of 5.06 ± 0.81 DF/F0;
Fig. 1C). Additionally, the application of Cd2+ significantly reduced
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the amplitude of outward currents from 1198 ± 25 to 189 ± 28 pA
(n = 5, p < 0.01; Fig. 1D).

3.3. Inhibitory effects of ryanodine on CICR during depolarization

Effects of ryanodine, an inhibitor of RyRs, on changes in [Ca2+]cyt

and membrane current by depolarization were examined in mouse
urinary bladder myocytes. When myocytes were depolarized for
50 ms from a holding potential of �60 to 0 mV, localized Ca2+ tran-
sients were detected in the surface of plasma membrane at 4.2 ms
after the start of depolarization (Fig. 2A and B). Subsequently, lar-
ger [Ca2+]cyt increase was induced in the TIRF area at 12.6 ms after
the depolarization pulse. The elevation of [Ca2+]cyt recovered to the
resting level within 3 s after the repolarization. When these cells
were again depolarized after the pretreatment with 10 lM
ryanodine for 10 min, changes in [Ca2+]cyt and membrane currents
were observed (Fig. 2A and B). In the presence of ryanodine, rapid
Ca2+ transient was observed at 4.2 ms whereas larger increase in
Fig. 2. TIRF imaging of Ca2+ influx and release during depolarization. Effects of ryanod
examined in mouse UBSMCs. Myocytes were depolarized from a holding potential of�60
4.2 ms. (A) Membrane current (upper), [Ca2+]cyt (F/F0) in a TIRF zone (middle), and the ra
and after (green) the application of 10 lM ryanodine are plotted against time. The pre
outward current during depolarization. (B) TIRF images during depolarization in the abse
at 4.2 ms after the start of depolarization show local Ca2+ transients (evoked Ca2+ sparklet
reflective interference contrast (SRIC), and shape of the myocyte are also arranged (first lin
was disappeared by the external application of ryanodine, whereas rapid [Ca2+]cyt rise (
increase (C) and outward current amplitude (D) evoked by depolarization are summarize
expressed as ⁄p < 0.05 or ⁄⁄p < 0.01 vs. control.
[Ca2+]cyt was not detected, indicating that only Ca2+ influx through
VDCCs was observed but subsequent CICR was blocked by ryano-
dine. The pretreatment with ryanodine markedly reduced the ele-
vation of [Ca2+]i by depolarization (0.88 ± 0.39 DF/F0, n = 6, p < 0.05
vs. control of 4.10 ± 0.69 DF/F0; Fig. 2C). Similarly, the application
of Cd2+ significantly decreased the amplitude of outward currents
from 1148 ± 50 to 373 ± 94 pA (n = 6, p < 0.01; Fig. 2D). The Ca2+

transients in the presence of ryanodine apparently correspond to
those of evoked Ca2+ sparklets, which were also recorded as TIRF
images under the conditions where CICR does not occur in vascular
SMCs [21,23].

3.4. Activation of BKCa channels by local Ca2+ transients

BKCa channels are expressed mainly in excitable cells such as
neurons and SMs and activated by both membrane depolarization
and elevated [Ca2+]cyt [25]. Because membrane hyperpolarization
mediated by BKCa channel activation protects cells from excessive
ine, an inhibitor of RyRs, on the depolarization-evoked local Ca2+ transients were
to 0 mV for 50 ms. TIRF images of myocytes stained with fluo-4 were acquired every

te of [Ca2+]cyt change (DF/F0dt) (bottom) by membrane depolarization before (black)
treatment with ryanodine reduced the elevation of [Ca2+]cyt and the amplitude of
nce (Control) and presence of ryanodine are shown with time. TIRF images obtained
s) regardless the presence of ryanodine (arrowhead). The transmitted image, surface
e in Control). Note larger increase in [Ca2+]cyt (Ca2+ release) elicited by depolarization
evoked Ca2+ sparklets) was still remained. (C & D) Effects of ryanodine on [Ca2+]cyt

d. Experimental data were obtained from six myocytes. The statistical significance is
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excitability and Ca2+ overload by closing VDCCs, this channel is
thought to contribute to the regulation of [Ca2+]cyt as a key mole-
cule in the negative-feedback mechanism [26]. In this study, mem-
brane currents were simultaneously recorded with Ca2+ images by
whole-cell voltage-clamp configuration in SMCs of mouse urinary
bladder. The outward currents were mainly due to the activation
of BKCa channels sensitive to 100 nM iberiotoxin and closely paral-
leled the [Ca2+]cyt rise, as reported previously [4,5]. The depolariza-
tion-evoked outward currents were markedly reduced by Cd2+ and
ryanodine. These results also confirmed the previous finding that
the major Ca2+ source for BKCa activation induced by depolarization
or an action potential is Ca2+ release from SR via CICR in UBSMCs.
In SMs, two types of local Ca2+ events, Ca2+ hotspots attributable to
depolarization-evoked CICR [4,5] and Ca2+ sparks due to spontane-
ous Ca2+ release [27], play crucial roles in the regulation of contrac-
tion and relaxation, respectively [28,29]. These two Ca2+ events
occur in the same distinct local areas in SMs to couple with BKCa

channel activity and contribute to the repolarization phase of ac-
tion potential and spontaneous transient outward currents, respec-
tively [5].

3.5. Spatial distribution of VDCC and RyR

To analyze spatial distribution of VDCC in the surface of plasma
membrane and RyR in the subplasmalemmal SR, TIRF imaging was
performed using these fluorescent markers in mouse UBSMCs.
When myocytes were incubated with 100 nM DM-BODIPY (�)-
dihydropyridine, a fluorescent marker of L-type VDCC, the fluores-
cent signals of individual channel unit or their clusters distributed
in relatively uniform fashion in the TIRF images (n = 10; Fig. 3A).
Similar uniform distribution was observed in TIRF images using
specific VDCCa1C antibody (1:100, n = 3). On the other hand,
Fig. 3. Spatial distribution of VDCC and RyR. Spatial distributions of VDCC and RyR
were imaged by TIRF microscopy in single UBSMCs. (A) The expression of VDCC in
plasma membrane was visualized with 100 nM DM-BODIPY (�)-dihydropyridine.
Note that the fluorescent signals of individual VDCC unit or their clusters were
relatively uniformly-distributed in a TIRF image. (B) The distribution of RyR in the
subplasmalemmal region was stained with 100 nM BODIPY FL-X ryanodine. The
fluorescent signals of their fragments (or individual unit) were able to detect in a
TIRF zone, which was within 200 nm from the cell surface.
signals of RyRs stained with 100 nM BODIPY FL-X ryanodine were
also detected in the limited TIRF region (n = 11; Fig. 3B), which
were limited within 200 nm from the cell surface.

In SMs, BKCa channels in the plasma membrane and RyR type 2
in the junctional SR have been considered as intrinsic components
of the Ca2+ microdomain in plasmalemmal and subplasmalemmal
regions, where signaling mediated by changes in membrane poten-
tial and local [Ca2+]cyt is communicated with high efficiency. Cave-
olae, X-shaped invaginations on the membrane surface (50–
100 nm in diameter), may be essential for the compartmentaliza-
tion of signaling molecules during physiological events [3,30]. It
has been suggested that caveolae are junctional functions in plas-
malemma to specific SR and work as Ca2+ hotspot and spark sites
[7,31]. Also the aggregation of BKCa channels in caveolae, which
abundantly contain caveolin proteins, has been suggested in SMCs
[16,32]. In contrast, the distribution and size of fluorescent parti-
cles of VDCC in the surface of plasma membrane was relatively
uniform as shown in Fig. 3A. The relationships between VDCC
activity, local SR Ca2+ content and Ca2+ release amount through
RyR from in a microdomain SR are still hot issue in SMCs [2,23].

In conclusion, Ca2+ influx through VDCCs upon depolarization
has been suggested to be a trigger of CICR and result in excita-
tion–contraction coupling under physiological conditions in UBS-
MCs, which are highly excitable. Using TIRF imaging techniques,
the evoked Ca2+ sparklet through single or clustered L-type VDCC
and following CICR via activation of RyRs in the subplasmalemmal
SR in a Ca2+ microdomain were visualized and analyzed as loosely
coupled two steps for Ca2+ signal amplification in UBSMCs.
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