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BACKGROUND AND PURPOSE
Although spontaneous Ca2+ waves in interstitial cells of Cajal (ICC)-like cells (ICC-LCs) primarily arise from endoplasmic
reticulum (ER) Ca2+ release, the interactions among mitochondrial Ca2+ buffering, cellular energetics and ER Ca2+ release in
determining the spatiotemporal dynamics of intracellular Ca2+ remain to be elucidated.

EXPERIMENTAL APPROACH
Spontaneous Ca2+ transients in freshly isolated ICC-LCs of the rabbit urethra were visualized using fluo-4 Ca2+ imaging, while
the intracellular distribution of mitochondria was viewed with MitoTracker Red.

KEY RESULTS
Spontaneous Ca2+ waves invariably originated from the perinuclear region where clusters of mitochondria surround the
nucleus. Perinuclear Ca2+ dynamics were characterized by a gradual rise in basal Ca2+ that preceded each regenerative Ca2+

transient. Caffeine evoked oscillatory Ca2+ waves originating from anywhere within ICC-LCs. Ryanodine or cyclopiazonic acid
prevented Ca2+ wave generation with a rise in basal Ca2+, and subsequent caffeine evoked a single rudimentary Ca2+ transient.
Inhibition of glycolysis with 2-deoxy-glucose or carbonyl cyanide 3-chlorophenylhydrazone, a mitochondrial protonophore,
increased basal Ca2+ and abolished Ca2+ waves. However, caffeine still induced oscillatory Ca2+ transients. Mitochondrial Ca2+

uptake inhibition with RU360 attenuated Ca2+ wave amplitudes, while mitochondrial Ca2+ efflux inhibition with CGP37157
suppressed the initial Ca2+ rise to reduce Ca2+ wave frequency.

CONCLUSIONS AND IMPLICATIONS
Perinuclear mitochondria in ICC-LCs play a dominant role in the spatial regulation of Ca2+ wave generation and may regulate
ER Ca2+ release frequency by buffering Ca2+ within microdomains between both organelles. Glycolysis inhibition reduced
mitochondrial Ca2+ buffering without critically disrupting ER function. Perinuclear mitochondria may function as sensors of
intracellular metabolites.

Abbreviations
DYm, mitochondrial inner membrane potential; 2DG, 2-deoxy-glucose; CCCP, carbonyl cyanide
3-chlorophenylhydrazone; CPA, cyclopiazonic acid; DS, dispersal solution; ER, endoplasmic reticulum; ICC-LC,
interstitial cells of Cajal-like cell; SERCA, sarco-endoplasmic reticulum Ca2+ ATPase; STD, spontaneous transient
depolarization; STIC, spontaneous inward current

BJP British Journal of
Pharmacology

DOI:10.1111/j.1476-5381.2010.00902.x
www.brjpharmacol.org

680 British Journal of Pharmacology (2010) 161 680–694 © 2010 The Authors
British Journal of Pharmacology © 2010 The British Pharmacological Society



Introduction

Smooth muscle of the urethra generates spontane-
ous tone to maintain urinary continence (Bridgewa-
ter et al., 1993). This tone arises from smooth
muscle bundles generating spontaneous phasic con-
tractions triggered upon Ca2+ influx through L-type
Ca2+ channels opened during the plateau phase of
slow waves (Hashitani et al., 1996; Hashitani and
Edwards, 1999; channel nomenclature follows Alex-
ander et al., 2009). These slow waves are considered
to result from the temporal summation of sponta-
neous transient depolarizations (STDs) that arise
from the release of Ca2+ from intracellular stores and
the opening of Ca2+-activated chloride channels
(Hashitani and Edwards, 1999).

STDs in the urethra appear to be generated in
specialized cells that have similar morphological
characteristics to interstitial cells of Cajal (ICC) in
the gastrointestinal (GI) tract (Sanders et al., 2006),
and are clearly distinguishable from smooth muscle
cells (Sergeant et al., 2000). The cells can be identi-
fied by their immunereactivity to Kit antibodies, a
specific marker for ICC, and thus are referred to as
ICC-like cells (ICC-LCs, Hashitani and Suzuki, 2007;
Lyons et al., 2007). ICC-LCs in the urethra do not
form an extensive network (Lyons et al., 2007), nor
act as a synchronous electrical pacemaker of smooth
muscle activity as do ICC in the GI tract (Hashitani
and Suzuki, 2007). Rather, ICC-LCs are thought to
electrically drive individual smooth muscle bundles
by means of their localized STD discharge, which
increases the overall excitability of the urethral
smooth muscle.

The development of freshly isolated single
ICC-LC preparations from the rabbit urethra has
confirmed many of the suppositions made from pre-
vious in situ experiments. Spontaneous inward cur-
rents (STICs) and their corresponding STDs have
been directly demonstrated to arise from the
opening of Ca2+-activated Cl- channels that are trig-
gered by the release of stored Ca2+ from the endo-
plasmic reticulum (ER) (Sergeant et al., 2000; 2001;
Johnston et al., 2005). Moreover, the initiation of
spontaneous activity of ICC-LCs primarily depends
on the Ca2+ release through ryanodine receptor Ca2+

channels in the ER membrane. Inositol trisphos-
phate receptor (IP3R) Ca2+ channels are thought to
play a fundamental role in the intracellular propa-
gation of Ca2+ waves to cause a synchronous activa-
tion of the Ca2+-activated chloride channels
underlying slow wave generation (Johnston et al.,
2005).

More recently, the involvement of mitochondrial
Ca2+ buffering in the generation of spontaneous Ca2+

waves and STICs has been suggested (Sergeant et al.,

2008). Similar cooperation between ER and mito-
chondria in generating spontaneous electrical and
Ca2+ activity has been shown for ICC in the GI tract
(Ward et al., 2000), ICC-LCs in the gall bladder
(Balemba et al., 2008) and in atypical smooth
muscle cells, the pacemaker cells in the renal pelvis
(Hashitani et al., 2009). However, what role these
two distinct organelles play in the spatiotemporal
dynamics of intracellular Ca2+ is not yet well under-
stood. As ATP production by mitochondria is not
critically involved in the generation of spontaneous
Ca2+ waves (Ward et al., 2000; Balemba et al., 2008;
Sergeant et al., 2008), even though refilling of the ER
fundamentally depends on Ca2+ uptake via the
sarco-ER Ca2+ ATPase (SERCA) pump, the metabolic
basis for spontaneous activity in ICC or ICC-like
cells has yet to be resolved.

In the present study, spontaneous Ca2+ waves in
ICC-LCs freshly isolated from the rabbit urethra
were visualized using fluo-4 fluorescence, and their
spatial relationship with the intracellular distribu-
tion of mitochondria was established with the vital
mitochondria stain, MitoTracker Red. We also exam-
ined the effects of pharmacologically manipulating
Ca2+ uptake into and release from the ER and mito-
chondria, as well as the effects of inhibiting glyco-
lysis on Ca2+ wave generation and propagation.

Methods

Tissue preparation
All animal care and experimental procedures have
been approved by the animal experimentation
ethics committee of Nagoya City University. Male
rabbits, weighing 2–3 kg, were killed by exsan-
guination under pentobarbitone anaesthesia. The
urethra and bladder were removed, and the urethra
was dissected free of the bladder approximately
3 cm distal to the bilateral ureteral entries. The
dorsal wall of the urethra was opened longitudi-
nally; the mucosa and periurethral connective
tissues were then dissected away. Under a dissect-
ing microscope, the most proximal part of the
urethra, approximately 1 cm wide, was isolated
from the remaining parts of the tissue. During pre-
liminary experiments, ICC-LCs were most readily
isolated from the longitudinal smooth muscle layer
in comparison with either the circular smooth
muscle layer or lamina propria. Thus, longitudinal
layers were carefully dissected away from circular
smooth muscle layers, and were then processed for
cell isolation.

Cell isolation
Longitudinal smooth muscle portions were cut into
small pieces approximately 3 ¥ 3 mm and less than
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1 mm thickness, and stored for 30 min in Ca2+ free
HEPES-buffered dispersal solution (DS) [composi-
tion (in mM): Na+ 126, K+ 6, Mg2+ 1, Cl– 134, glucose
10 and HEPES 10; pH adjusted to 7.4 with NaOH].
The muscle pieces were then incubated in Ca2+-free
DS containing 3 mg collagenase (Worthington,
Lakewood, NJ, USA, type I), 0.2 mg protease (Sigma
type XXIV), 2 mg BSA (Sigma, St. Louis, MO, USA)
and 2 mg trypsin inhibitor (Sigma), for approxi-
mately 10 min at 37°C. The preparations were then
placed in low Ca2+ DS ([Ca2+] = 100 mM) for 30 min at
room temperature. Single cells were obtained by
gentle agitation for 5–10 min with a wide-bore
pipette; cells in suspension were transferred to glass
bottom recording chambers and kept for 10–20 min
at room temperature to allow adherence to the glass
coverslip.

Intracellular Ca2+ imaging
To image the intracellular Ca2+ dynamics in freshly
isolated ICC-LCs, cells were incubated in HEPES-
buffered low-Ca2+ DS ([Ca2+] = 100 mM) containing
1 mM fluo-4 AM (special packaging, Dojindo, Kuma-
moto, Japan) for 5–10 min at room temperature.
Following incubation, the cells were superfused
with dye-free, warmed (36°C) HEPES-buffered PSS
[composition (in mM): Na+ 137.5, K+ 5.9, Ca2+ 2.5,
Mg2+ 1.2, H2PO4

- 1.2, Cl- 134, glucose 10 and HEPES
10; pH adjusted to 7.4 with NaOH] at a constant
flow rate (about 2 mL·min–1) for 30 min.

The recording chamber was mounted on the
stage of an upright epifluorescence microscope
(BX51WI, Olympus, Tokyo, Japan) equipped with
an electron multiplier CCD camera (C9100,
Hamamatsu Photonics, Hamamatsu, Japan) and a
high-speed scanning polychromatic light source
(C7773, Hamamatsu Photonics). Cells were viewed
with a water immersion objective (LUMPlanFI x60,
Olympus) and illuminated at 495 nm. The fluores-
cence emission was captured through a barrier filter
above 515 nm, and images were obtained every
23–200 ms (frame interval) with an exposure time of
17.4–58.7 ms using a micro-photoluminescence
measurement system (AQUACOSMOS, Hamamatsu
Photonics). Relative amplitude of Ca2+ transients
was expressed as the ratio (F/F0) of the fluorescence
generated by an event (F) against baseline (F0).

Intracellular imaging of mitochondria, ER
and nuclei
To assess the intracellular distribution of mitochon-
dria or nuclei, ICC-LCs were incubated with either
10 nM MitoTracker Red (Invitrogen, Carlsbad, CA,
USA) for 10 min at room temperature, or 100 nM
Hoechst 33342 (Invitrogen) for 5 min at room tem-
perature respectively. ICC-LCs were then superfused

with dye-free, warmed (36°C) HEPES-buffered PSS
([Ca2+] = 2.5 mM) at a constant flow rate (about
2 mL·min–1) for 20 min. Images of fluorescent
organelles were acquired using the same epifluores-
cence microscope and objectives as above.
MitoTracker Red was excited at 580 nm, and emis-
sion was collected at 600 nm. Hoechst 33342 was
excited at 360 nm, and emission was detected at
460 nm. Only ICC-LCs in which staining of either
mitochondria or nuclei did not disrupt the genera-
tion of spontaneous Ca2+ waves were included for
spatial Ca2+ dynamics analysis.

To assess the intracellular distribution of ER rela-
tive to the mitochondria distribution, ICC-LCs
which had been stained with MitoTracker Red were
subsequently incubated with 1 mM ER-Tracker Blue-
White DPX (Invitrogen) for 15 min at room tem-
perature. ICC-LCs were then observed immediately
after incubation in the probe solution, as staining
was reduced considerably on its removal (Cole et al.,
2000). ER-Tracker Blue-White DPX was excited at
360 nm, and emission was detected at 560 nm.

Data analysis
The following parameters of spontaneous Ca2+ tran-
sients were measured: peak amplitude, measured as
the value from the resting level to the peak of
events; half-amplitude duration, measured as the
time between 50% peak amplitude on the rising and
falling phases; and frequency, which was defined as
an average over 3 or 5 min of recording. In some
cells, the conducting velocity of spontaneous Ca2+

waves, the rate of initial Ca2+ rise or the decay of Ca2+

transients was also calculated.
Measured values were expressed as mean � SD.

Statistical significance was tested using paired Stu-
dent’s t-test, and considered significant if P < 0.05.
The number of cells examined was expressed by n,
while N indicates the number of animals.

Materials
Drugs used were caffeine, cyclopiazonic acid (CPA),
carbonyl cyanide 3-chlorophenylhydrazone
(CCCP), 2-deoxy-glucose (2DG), nicardipine, nife-
dipine (from Sigma-Aldrich), CGP37157, RU360 and
ryanodine (from Calbiochem, La Jolla, CA, USA).
2DG and RU360 were dissolved in distilled water,
and CPA, CCCP, CGP37157 and nicardipine were
dissolved in dimethyl sulphoxide (DMSO). Nife-
dipine was dissolved in ethanol. Caffeine was
directly dissolved in PSS. Glucose-free/2DG solution
was prepared by replacing glucose with 2DG. Nomi-
nally, a Ca2+-free solution was prepared by omitting
CaCl2 from PSS. The final concentration of DMSO or
ethanol in the PSS did not exceed 1:1000.
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Results

Intracellular distribution of mitochondria
and ER
ICC-LCs freshly isolated from the longitudinal
smooth muscle layer of the rabbit urethra had a
variety of morphologies that were distinct from the
smooth muscle cells that had a smooth spindle-
shaped cell body. ICC-LCs had a long, thin cell
body with either several distinct angles (42.0% of n
= 278 cells from N = 48 rabbits, Figure 1Aa), spiky
processes (31.2%, Figure 1Ba) or a short spindle-

shaped cell body with many spiky processes
(26.8%, Figure 2Ca). In all ICC-LCs, nuclei were
readily viewed under bright field illumination
(Figure 1Ab), and their location could be con-
firmed by staining with Hoechst 33342
(Figure 1Ba–c). Upon staining with MitoTracker
Red, mitochondria were observed to be preferen-
tially clustered around the nucleus (Figure 1Ab,c
and Bb,c), while other short filamentous mito-
chondria were scattered along the long axis of
the cell body in a daisy chain arrangement
(Figure 1Ad).

Figure 1
Intracellular distribution of mitochondria and ER in urethral ICC-like cells. Fluorescent images of an ICC-LC loaded with MitoTracker-Red (Aa).
Perinuclear clusters of mitochondria are evident on both sides of the nucleus in an enlarged overlay image of bright field and MitoTracker-Red (Ab).
Enlarged images indicate perinuclear clusters of mitochondria (Ac), while filamentous mitochondria are distributed in the cell periphery (Ad). An
overlay image of another ICC-LC with a bright field view and Hoechst 33342 staining (Ba), and a corresponding overlay fluorescent image with
Hoechst 33342 and MitoTracker-Red staining (Bb). An enlarged overlay image of perinuclear region illustrating that clusters of mitochondria
surround the nucleus (Bc). In a different ICC-LC, in which perinuclear clusters of mitochondria were stained with MitoTracker-Red (Ca), the ER,
stained with ER-Tracker, was also distributed around the nucleus (Cb). An overlay image showing a close apposition of perinuclear mitochondria
with ER (Cc).
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Figure 2
Spatial relationship between perinuclear mitochondria and spontaneous Ca2+ waves in urethral ICC-LCs. Fluorescent images of an ICC-LC loaded
with Hoechst Blue (Aa) and MitoTracker-Red (Ab). Sequential fluo-4 fluorescent images of a spontaneous Ca2+ wave (Ac) with frame interval of
100 ms. Temporal sequence of Ca2+ transients captured from four areas in ICC-LC (Ad). Spontaneous Ca2+ waves originated from either side of
perinuclear mitochondria and spread to the cell periphery. Bright field (Ba) and corresponding MitoTracker-Red fluorescent (Bb) images of another
ICC-LC. Sequential fluo-4 fluorescent images showing a Ca2+ wave originating from perinuclear mitochondria (Bc). Bright field (Ca) and
corresponding MitoTracker-Red (Cb) images of a different ICC-LC. Sequential fluo-4 fluorescent images showing a Ca2+ wave originating from
perinuclear mitochondria (Cc).
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The intracellular distribution of ER was also
examined by staining ICC-LCs with ER-Tracker Blue-
White DPX. In ICC-LCs that expressed perinuclear
mitochondrial staining (Figure 1Ca), ER was also
clustered around the nucleus (Figure 1Cb), demon-
strating the co-localization of mitochondria and ER
in perinuclear regions of ICC-LCs (Figure 1C,c, n =
23, N = 8).

Spatial dynamics of Ca2+ waves
All experiments were carried out in the presence of
nifedipine (1 mM) or nicardipine (1 mM) to exclude a
possible contribution of Ca2+ influx through L-type
Ca2+ channels to the intracellular Ca2+ dynamics in
ICC-LCs.

Two hundred sixteen ICC-LCs isolated from 48
animals exhibited spontaneous Ca2+ waves that
invariably originated from the perinuclear region.
In Figure 2, three representative ICC-LCs firing
spontaneous Ca2+ waves have also been stained to
illustrate their spatial distribution of mitochondria.
In an ICC-LC in which mitochondria mostly sur-
rounded the nucleus (Figure 2Aa,b), spontaneous
Ca2+ waves originated from either side of the peri-
nuclear region (Figure 2Ac; Supporting Information
Video Clip S1). Not only did these Ca2+ transients
travel to the periphery on the same side of the
nucleus from which they originated, they also
readily travelled across the nucleus and spread
towards the periphery of the opposite side
(Figure 2Ad). In ICC-LCs that had either long, thin
cell bodies (Figure 2B) or had short spindle cell
bodies with many spiky branches (Figure 2C),
mitochondria were clustered around the peri-
nuclear regions, as well as scattered throughout the
periphery (Figure 2B). In both cell types, spontane-
ous Ca2+ waves originated from the perinuclear
regions and propagated to their cell periphery.
Thus, regardless of cell morphology or the location
of the nucleus, spontaneous Ca2+ waves invariably
originated from the perinuclear regions, suggesting
that perinuclear mitochondria may play an impor-
tant role in determining the spatiotemporal
dynamics of Ca2+ waves in ICC-LCs.

Properties of perinuclear and peripheral
Ca2+ transients
The triggering of spontaneous perinuclear Ca2+

waves in some cells was characterized by an initial
gradual rise in Ca2+ level that preceded individual
Ca2+ transients (52.5% of n = 216 cells, Figure 3A). In
13.9% of cells, perinuclear Ca2+ waves were preceded
by a number of Ca2+ transients which gradually grew
in amplitude, all of which were triggered from a
relatively stable (flat) baseline (Figure 3C). The
remaining 37% of cells exhibited a combination of

these two discharge patterns such that increasing
amplitude Ca2+ transients were recorded on a rising
baseline (Figure 3B) before the main Ca2+ wave dis-
charge. In peripheral regions of ICC-LCs, small
amplitude non-propagating Ca2+ transients were
often recorded (Figure 3D). These small non-
propagating Ca2+ transients invariably failed to fire
during the period following the passing of a propa-
gating Ca2+ waves (Figure 3D). Alternatively, the cell
periphery could be abruptly ‘awakened’ from quies-
cence by Ca2+ waves that propagated from the peri-
nuclear regions.

Spontaneous Ca2+ waves were generated in peri-
nuclear regions at a frequency of 2.6 � 1.2 min-1,
and propagated to the cell periphery at a velocity of
68.8 � 25.2 mm·ms–1 (n = 51, N = 23). Perinuclear
Ca2+ transients had an amplitude of 1.94 � 0.75 Ft/F0

and a half-width of 1.1 � 0.38 s (n = 51, N = 23).
Perinuclear Ca2+ transients had a faster falling phase
in comparison to peripheral Ca2+ transients: the
decay time constant (t) for perinuclear Ca2+ tran-
sients was 410 � 128 ms and significantly smaller
than the t value for peripheral Ca2+ transients (550
� 174 ms; P < 0.05, n = 45, N = 20).

Effects of caffeine on Ca2+ dynamics
Caffeine (10 mM) evoked Ca2+ waves that gradually
reduced in amplitude and prevented the further
generation of spontaneous Ca2+ waves (Figure 4, n =
7, N = 6), suggesting that continuous activation of
ryanodine receptors results in a functional depletion
of Ca2+ in the ER. The initial perinuclear Ca2+ tran-
sient induced by caffeine had an amplitude of 2.3 �
0.51 Ft/F0, which was 108.5 � 5.6% of the amplitude
of their corresponding control spontaneous Ca2+

transients. In ICC-LCs that remained quiescent (n =
3, N = 3) or generated only small Ca2+ fluctuations (n
= 2, N = 2), caffeine evoked oscillatory Ca2+ waves. It
should be noted that caffeine-induced Ca2+ waves
originated from sites anywhere along the length of
each ICC-LC, and thus perinuclear regions did not
act as a dominant site of the origin of caffeine-
induced Ca2+ waves (Figure 4).

Role of ER Ca2+ handlings and extracellular
Ca2+ in Ca2+ wave generation
The role of Ca2+ handling by ER in the temporal
dynamics of perinuclear Ca2+ transients was exam-
ined by manipulating ER Ca2+ sequestration and
release, using CPA and ryanodine respectively. The
ER Ca2+ content remaining after exposure to either
CPA or ryanodine was estimated by exposing cells to
caffeine (10 mM).

CPA (10 mM) increased the basal Ca2+ level by
0.36 � 0.11 Ft/F0 and prevented the further genera-
tion of spontaneous Ca2+ waves (Figure 5Aa, n = 10,
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N = 9). Subsequent exposure to caffeine (10 mM)
caused a single, rudimentary Ca2+ transient that had
an absolute amplitude of 0.21 � 0.08 Ft/F0. The peak
value of Ca2+ recorded upon exposure to caffeine was
25.1 � 5.3% of the untreated spontaneous Ca2+ tran-
sients. These results are summarized in Figure 5Ab,
and suggest that CPA prevention of Ca2+ waves
results from the depletion of ER Ca2+ content, and
that continuous Ca2+ uptake by SERCA is fundamen-
tal in maintaining both ER levels of releasable Ca2+

and a low basal cytosolic Ca2+.
Ryanodine (100 mM, n = 8, N = 6) abolished spon-

taneous Ca2+ waves with a rise in the basal Ca2+ level

of 0.26 � 0.11 Ft/F0 (Figure 5Ba). The subsequent
application of caffeine evoked only a single small
Ca2+ transient that had an amplitude of 0.2 � 0.06
Ft/F0 and a peak value that was 26.4 � 6.7% of
control spontaneous Ca2+ transients. These results
are summarized in Figure 5Bb, and suggest that the
ryanodine-induced rises in basal Ca2+ level may be
due to the activation of ryanodine receptors that
results in a critical reduction of releasable Ca2+ from
the ER.

Although perinuclear Ca2+ transient generation
relied on ER Ca2+ handing, nominally Ca2+-free PSS
readily prevented the generation of Ca2+ transients

Figure 3
Properties of perinuclear Ca2+ transients in ICC-LCs. In an ICC-LC, perinuclear Ca2+ transients were characterized by an initial gradual rise in basal
Ca2+ that preceded each regenerative Ca2+ transient (A). In another ICC-LC, a gradual rise in basal Ca2+ that was superimposed by ongoing Ca2+

fluctuations preceded each Ca2+ transient (B). The time-scale for (B) also refers to (A). In a different ICC-LC, each Ca2+ transient was followed by
a quiescent period and subsequent increasing amplitude small Ca2+ fluctuations that preceded the next Ca2+ transient (C). A simultaneous
recording of perinuclear and peripheral Ca2+ transients in an ICC-LC (D). In the cell periphery (red), small Ca2+ fluctuations were generated, while
regenerative Ca2+ transients were triggered by Ca2+ waves propagated from perinuclear regions. The time-scale for (D) also refers to (C); the
fluorescence scale for (D) refers to all traces.
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associated with a fall in the basal Ca2+ level of 0.31 �
0.10 Ft/F0 (n = 5, N = 4; Figure 5C). Upon returning
to normal PSS, both spontaneous Ca2+ transients
and basal Ca2+ levels were immediately restored.

Role of mitochondrial Ca2+ handlings in Ca2+

wave generations
The role of mitochondrial Ca2+ uptake in the tem-
poral dynamics of spontaneous perinuclear Ca2+

waves was examined by disrupting the mitochon-
drial inner membrane potential (DYm), using the
protonophore CCCP, which results in an inhibition
of Ca2+ influx. The Ca2+ content of the ER under
these conditions was again estimated by exposing
cells to caffeine.

CCCP (1 mM) increased basal Ca2+ levels by 0.40 �
0.12 Ft/F0 and prevented the generation of spontane-
ous Ca2+ waves (Figure 6Aa). Subsequent exposure to
caffeine (10 mM) induced oscillatory Ca2+ transients
with a mean amplitude of 1.68 � 0.12 Ft/F0; the peak
value of the caffeine-induced Ca2+ transient was not
significantly different (102 � 5%, P > 0.05, n = 8, N =
6) from the control spontaneous Ca2+ transients.
These results are summarized in Figure 6Ab and
suggest that disruption of the mitochondrial inner
membrane potential was not associated with a criti-
cal suppression of SERCA or ER Ca2+ storage. More
likely, abolition of Ca2+ waves induced by CCCP
resulted from a reduction of Ca2+ influx into mito-
chondria subsequent to the collapse of DYm.

Figure 4
Effects of caffeine on Ca2+ dynamics in ICC-LCs. In an ICC-LC that generated spontaneous Ca2+ waves, caffeine (10 mM) evoked oscillatory Ca2+

transients (A). The amplitude of caffeine-induced Ca2+ transients gradually reduced until the generation of spontaneous Ca2+ waves ceased. In
another ICC-LC which expressed MitoTracker Red fluorescence in its perinuclear regions, caffeine triggered Ca2+ waves from distinct peripheral
sites that travelled across the nucleus towards the other side of the cell periphery (B, C).
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The role of mitochondrial Ca2+ influx in sponta-
neous Ca2+ dynamics was more specifically investi-
gated using RU360, an inhibitor of the
mitochondrial Ca2+ uniporter. In six (N = 4) out of
nine ICC-LCs (N = 6), RU360 (10 mM for 5–10 min)
increased the basal Ca2+ level and prevented the
generation of spontaneous Ca2+ waves, although
some small, non-propagating Ca2+ fluctuations
remained (Figure 6B). In the three other (N = 3)
ICC-LCs, RU360 reduced the frequency of sponta-
neous Ca2+ waves and increased the occurrence of

small Ca2+ fluctuations, but did not prevent Ca2+

wave generation even after 30 min of exposure
(Figure 6C).

In seven ICC-LC (N = 6), CGP37157, an inhibitor
of the mitochondrial Na+ : Ca2+ exchanger, reduced
the frequency of spontaneous Ca2+ waves by sup-
pressing the initial gradual rise in basal Ca2+ level
that preceded Ca2+ transients, but did not abolish
Ca2+ waves even after 30 min (Figure 6D). The slope
of the initial Ca2+ rises was 0.022 � 0.005 Ft/F0 s-1 in
control, 0.009 � 0.004 Ft/F0 s-1 in CGP37157 (P <

Figure 5
Effects of CPA, ryanodine and Ca2+-free solution on perinuclear Ca2+ transients in ICC-LCs. CPA (10 mM) prevented the generation of spontaneous
Ca2+ transients with a rise in the basal Ca2+ (Aa). Subsequent application of caffeine evoked a single rudimentary Ca2+ transient. The results
obtained from 10 ICC-LCs are summarized in (Ab). In another spontaneously active ICC-LC, ryanodine (100 mM) abolished spontaneous Ca2+

transients with an increase in basal Ca2+ (Ba). The subsequent addition of caffeine caused only a single small Ca2+ transient. The results obtained
from six ICC-LCs were summarized in (Bb). In (Ab) and (Bb), control indicates the amplitude of spontaneous Ca2+ transients, and basal, Abs.amp
and peak amp indicate the corresponding values shown in (Aa). In a different ICC-LC, switching from PSS to nominally Ca2+-free solution caused
a reduction in basal Ca2+ and cessation of Ca2+ transients that recovered upon the re-admission of extracellular Ca2+ (C). The scale bars for (C) also
refer to Aa and Ba.
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0.05, n = 7). In three other cells (N = 2), CGP37157
(30 mM) reduced the frequency of spontaneous Ca2+

waves and eventually prevented Ca2+ wave genera-
tion after 15–25 min in a manner associated with an
increase in basal Ca2+ level (Figure 6E).

Role of glycolysis in the generation of
Ca2+ waves
Because reducing the electrical driving force for ATP
synthesis with CCCP did not critically reduce the
Ca2+ content of the ER (Figure 5), mitochondrial ATP
production may not be fundamental for a function-
ing SERCA, at least over the short period of our
experiments. This view is supported by the recent
finding that oligomycin, a blocker of mitochondrial
ATP synthetase, did not affect spontaneous Ca2+

waves in urethral ICC-LCs (Sergeant et al., 2008).
To investigate the role of glycolysis in both ATP

production and mitochondrial substrates supply,
the effects of 2DG on ICC-LC Ca2+ waves were exam-
ined in 15 ICC-LCs (N = 12). 2DG (10 mM) pre-

vented the generation of spontaneous Ca2+ waves
within 5–20 min, which was associated with a rise
in basal Ca2+ level. These effects were readily revers-
ible upon returning to normal glucose containing
PSS (Figure 7A). However, in nine ICC-LCs (N = 9),
the subsequent addition of caffeine (10 mM) in the
continuing presence of 2DG still induced oscillatory
Ca2+ transients, suggesting that inhibition of glyco-
lysis did not critically reduce the ER Ca2+ content.
The rise in basal Ca2+ in 2DG suggests that reducing
the supply of mitochondrial substrates is vital to
maintaining DYm, which, in turn, is essential in
keeping the cytosolic Ca2+ concentration at low
levels.

Discussion and conclusions

In ICC-LCs freshly isolated from longitudinal
smooth muscle layer of the rabbit urethra, clusters
of mitochondria surround the nucleus, while fila-

Figure 6
Effects of CCCP, RU360 and CGP37157 on perinuclear Ca2+ transients in ICC-LCs. In an ICC-LC developing spontaneous Ca2+ transients, CCCP
(1 mM) prevented the generation of Ca2+ transients with a rise in the basal Ca2+ (A). Subsequent caffeine exposure evoked oscillatory Ca2+

transients. The results obtained from eight ICC-LCs are summarized in (B). In another spontaneously active ICC-LC, RU360 (10 mM) abolished
spontaneous Ca2+ transients with an increase in basal Ca2+ (C). In a different ICC-LC, RU360 reduced the frequency of spontaneous Ca2+ transients
and induced small Ca2+ fluctuations (Ca,b). CGP37157 (30 mM) reduced the frequency of spontaneous Ca2+ transients (Da,b) by suppressing
the initial gradual rise in Ca2+ (Dc). In a different ICC-LC, CGP37157 eventually abolished spontaneous Ca2+ transients with an increase in basal
Ca2+ (E).
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mentous mitochondria were scattered throughout
the cell periphery. Spontaneous Ca2+ waves invari-
ably originated from the perinuclear regions where
these mitochondrial clusters were situated, and
propagated to the cell periphery, suggesting that
perinuclear mitochondria may play a fundamental
role in determining spatial dynamics of Ca2+ in ICC-
LCs. Spontaneous Ca2+ waves in ICC-LCs are associ-
ated with the generation of STDs (Sergeant et al.,
2000) that transmit to adjacent smooth muscle cells
to depolarize their membranes (Hashitani and
Suzuki, 2007). Besides the generation of electrical
activity, intracellular Ca2+ signalling is also crucially
involved in many other cell functions, including
gene transcription, protein synthesis and cell prolif-
eration, and thus spatio-temporal Ca2+ dynamics

have to be finely controlled (Bootman et al., 2001).
The initiation of spontaneous Ca2+ waves in peri-
nuclear regions may indicate a cross-talk between
the nucleus and mitochondria.

Mitochondrial Ca2+ uptake is also critical in regu-
lating mitochondrial oxidative metabolism, that is,
ATP synthesis, because several mitochondrial dehy-
drogenases are sensitive to mitochondrial Ca2+ con-
centrations (Robb-Gaspers et al., 1998; Jouaville
et al., 1999). In parotid acinar cells, in which a
majority of mitochondria are located around the
nucleus, agonist-evoked Ca2+ waves are delayed as
they propagate through the nucleus, and are accom-
panied by a substantial increase in NADH autofluo-
rescence (Bruce et al., 2004). It has been suggested
that perinuclear mitochondria may have a potential

Figure 7
Effects of 2DG on perinuclear Ca2+ transients in ICC-LCs. In an ICC-LC that displayed spontaneous Ca2+ transients, 2DG increased the basal Ca2+

which suppressed the generation of spontaneous Ca2+ transients (A). Upon switching from 2DG/glucose-free PSS back to normal PSS, Ca2+

gradually returned to the original level and small Ca2+ fluctuations re-appeared. In another ICC-LC, 2DG increased the basal Ca2+ which eventually
abolished Ca2+ wave generation (B). Upon the cessation of Ca2+ transients, a subsequent exposure to caffeine evoked oscillatory Ca2+ transients.
Effects of 2DG and caffeine obtained from nine ICC-LCs are summarized in (C).
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role in shaping nuclear Ca2+ signals, but more
importantly, drive mitochondrial metabolism to
generate ATP close to the nucleus (Bruce et al.,
2004). A similar tight energetic transport between
the perinuclear mitochondria and the nucleus in
urethra ICC-LCs may explain the lack of inhibition
of SERCA after pharmacological disruption of mito-
chondrial function in the present experiments.

The Ca2+ release from ER through ryanodine
receptors has been considered to be the primary step
of Ca2+ dynamics in ICC-LCs, while IP3-dependent
Ca2+ release may be required in the propagation or
coordination of Ca2+ waves (Johnston et al., 2005).
The importance of mitochondrial Ca2+ buffering in
regulating temporal Ca2+ dynamics in ICC-LCs is
now becoming apparent as a reduction of mito-
chondrial Ca2+ uptake results in the cessation of
spontaneous Ca2+ waves, while the acceleration of
Ca2+ uniporter increases Ca2+ wave frequency (Ser-
geant et al., 2008). Because mitochondria Ca2+ buff-
ering appears to be important in regulating the
temporal dynamics of Ca2+ in ICC-LCs, the far
higher density of mitochondria in perinuclear
regions in comparison with the cell periphery may
indicate a larger Ca2+ buffering capacity in restricted
areas surrounding the nucleus. This view may be
supported by the smaller decay time constant for
perinuclear Ca2+ transients than that for peripheral
Ca2+ transients, as well as the recording of small Ca2+

fluctuations more frequently in the cell periphery.
In our experiments, blockade of the Ca2+ uniporter
with bath applied RU 360 took longer to exert its
inhibitory action on Ca2+ waves, and did not con-
sistently abolish their generation, in comparison to
when cells were dialysed with RU360 (Sergeant
et al., 2008). Nevertheless, non-propagating Ca2+

fluctuations in the perinuclear region were
increased in cells treated with RU360 and
re-appeared more quickly than the appearance of
spontaneous Ca2+ waves, upon the wash-out of 2DG
with normal glucose-containing PSS. Therefore,
perinuclear mitochondria may buffer Ca2+ concen-
trations in microdomains, and play a role in restrict-
ing Ca2+ release from the ER and allowing sufficient
ER Ca2+ sequestration, necessary for the generation
of regenerative Ca2+ waves. In cardiac cells, inhibi-
tion of mitochondrial Ca2+ uptake results in an
increase in the frequency and duration of Ca2+

sparks (Pacher et al., 2002). Because of the low affin-
ity of the mitochondrial Ca2+ uniporter, Ca2+ uptake
preferentially operates in Ca2+-loaded microdomains
in close proximity to ER Ca2+ release channels. The
possibility of such microdomains in urethral ICC-
LCs is suggested by our demonstration that the ER
in ICC-LCs stained with ER-Tracker displayed a
similar perinuclear distribution as mitochondria.

Such close contacts and functional interactions
between mitochondria and ER/SR have been
reported in other cell types (Rizzuto et al., 1998;
Szalai et al., 2000). Although we have not investi-
gated the intracellular distribution of ryanodine
receptors, perinuclear clusters of ryanodine recep-
tors have been reported in ICC-LCs of the rabbit
portal vein (Harhun et al., 2006). In the cell periph-
ery where the mitochondria : ER ratio may be lower
than perinuclear regions so that microdomains are
not so well established, Ca2+ release and uptake from
ryanodine receptors may be predominantly regu-
lated by the ER itself, with only a smaller participa-
tion of mitochondrial Ca2+ buffering. Upon
stimulation with caffeine, an increased sensitivity of
ryanodine receptors to cytosolic Ca2+ may overcome
ER luminal inhibition and initiate regenerative Ca2+

waves from multiple sites within ICC-LCs.
The Ca2+ release from ER through ryanodine

receptors is regulated by both cytosolic and luminal
Ca2+ concentration (Györke and Györke, 1998). In
the present study, CPA inhibition of SERCA pre-
vented Ca2+ wave generation, which was associated
with a rise in basal Ca2+ level, and the subsequent
caffeine caused a single rudimentary Ca2+ release
from ER. Thus, ER function appears to require con-
tinuous Ca2+ uptake by SERCA, and reduced SERCA
activity instantly results in a substantial fall of ER
Ca2+ contents. In HeLa cells, thapsigargin caused a
rapid, substantial fall in ER content (Arnaudeau
et al., 2001). When ER Ca2+ content falls, caffeine-
induced increases in the sensitivity of ryanodine
receptors to cytosolic Ca2+ may not be able to cause
any further Ca2+ release, presumably via their inhi-
bition by low luminal Ca2+ in the ER store. Ryano-
dine also prevented the generation of spontaneous
Ca2+ waves, which was associated with a rise in basal
Ca2+. Subsequent cell exposure to caffeine evoked
only a single, small Ca2+ transient that was equiva-
lent to those observed upon CPA treatment, suggest-
ing ryanodine may effectively diminish ER Ca2+

content by forming a long-lasting, subconductance
state of the Ca2+-releasing channels (Rousseau et al.,
1987).

Inhibition of mitochondrial Ca2+ release by
CGP37157 suppressed the initial gradual rise in
basal Ca2+ and reduced the frequency of Ca2+ waves,
suggesting that mitochondrial Ca2+ efflux through
the Na+ : Ca2+ exchanger may contribute to the
gradual rise in basal Ca2+. Such gradual rises in basal
Ca2+ that precede each Ca2+ transient are observed in
ICC-LCs of the rabbit portal vein in which sponta-
neous Ca2+ waves also originate from the perinuclear
regions (Harhun et al., 2006). Transfer of Ca2+ from
mitochondria to the ER as the mitochondrial
Na+ : Ca2+ exchanger releases Ca2+ close to SERCA,
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and its importance in the ER Ca2+ refilling has been
reported in HeLa cells (Arnaudeau et al., 2001; Ishii
et al., 2006) and HUVECs (Malli et al., 2005). In
HeLa cells, ER regions close to mitochondria release
sites maintain a higher Ca2+ content than regions
lacking mitochondria due to this substantial mobi-
lization of Ca2+ from mitochondria to ER (Arnau-
deau et al., 2001). Consistent with our observations,
CGRP37157 has been shown to take some 20 min to
reduce the frequency of Ca2+ waves in the gall
bladder (Balemba et al., 2008). Because mitochon-
drial Ca2+ efflux may also depend on Na+-
independent Ca2+ efflux, the effects of CGRP37157,
and therefore the relative contribution of mitochon-
drial Na+ : Ca2+ exchanger to mitochondrial Ca2+

efflux, may vary between cells. In three ICC-LCs,
CGP37157 eventually suppressed spontaneous Ca2+

waves in a manner that was associated with a rise in
the basal Ca2+ level, suggesting that an excessive rise
in mitochondrial Ca2+ content subsequent to
Na+ : Ca2+ exchanger inhibition may result in the
suppression of mitochondrial Ca2+ uptake (Chalm-
ers and McCarron, 2009) as it relies on both DYm
and the Ca2+ gradient across the inner membrane.

Although spontaneous Ca2+ transients in the ure-
thral ICC-LCs primarily rely on Ca2+ mobilization
through the ER in association with mitochondrial
Ca2+ buffering, nominally Ca2+-free solution readily
prevented the generation of Ca2+ transients associ-
ated with a reduction in the basal Ca2+. This is con-
sistent with the previous demonstration that the
frequency of Ca2+ transients in ICC-LCs critically
depends on the extracellular Ca2+ concentrations
(Johnston et al., 2005). Previous studies also indicate
that the Na+ : Ca2+ exchanger on the plasma mem-
brane operating in reverse mode, rather than store-
operated Ca2+ entry, plays an important role in
maintaining cytosolic Ca2+ concentrations at levels
which allow the refilling of the ER (Bradley et al.,
2005; 2006). Because low subplasmalemmal Ca2+

concentrations are necessary before Ca2+ influx can
take place through the plasmalemmal Na+ : Ca2+

exchanger, mitochondria may also play a role in
buffering Ca2+ microdomains around these exchang-
ers to regulate the rate of ER refilling.

Because SERCA activity is vital in maintaining ER
function as a primary step of Ca2+ wave generation,
continuous and sufficient ATP must be supplied to
SERCA by intracellular energy production systems.
In atypical smooth muscle cells of the mouse renal
pelvis, inhibition by oligomycin of mitochondrial
ATP synthesis reduced the frequency of spontane-
ous Ca2+ transients arising from Ca2+ movement
between the ER and mitochondria (Hashitani et al.,
2009). However, oligomycin did not prevent the
generation of Ca2+ waves in urethral ICC-LCs

(Johnston et al., 2005), suggesting that mitochon-
drial ATP production may not be fundamental in
maintaining SERCA function in the ER membrane.
In HeLa cells in which ATP is mainly generated by
glycolysis, mitochondrial ATP generation also does
not contribute significantly to SERCA function
(Jouaville et al., 1999; Arnaudeau et al., 2001). In the
present experiments and consistent with this
notion, caffeine was capable of generating oscilla-
tory Ca2+ transients after the cessation of spontane-
ous Ca2+ waves with CCCP. Although inhibition of
glycolysis, with 2DG and glucose omission, abol-
ished Ca2+ waves, the subsequent application of caf-
feine still evoked oscillating Ca2+ transients,
suggesting that inhibition of glycolysis did not criti-
cally reduce ATP supply to SERCA, and that the
effects of 2DG resulted from a reduced mitochon-
drial Ca2+ uptake subsequent to the reduced avail-
ability of mitochondrial substrates. Because the
supply of mitochondrial substrates, particularly
glucose, is fundamental in maintaining mitochon-
drial respiration and thus the inner DYm, inhibition
of glycolysis would be expected to subsequently
reduce Ca2+ uptake that relies on this voltage gradi-
ent. ICC-LCs may store substantial amounts of cre-
atine phosphate by consuming ATP produced by
their numerous mitochondria, and thus may be able
to maintain SERCA activity for short periods during
a reduction in the supply of glucose and oxygen (i.e.
during ischaemia). Thus, perinuclear mitochondria
in ICC-LCs may sense cellular metabolic demands,
as well as local metabolic supply, by altering their
Ca2+-buffering capacity, and play a key role in deter-
mining spatio-temporal Ca2+ dynamics that criti-
cally link a number of diverse cellular functions.
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Video Clip S1 An ICC-LC was loaded with fluo-4
(1 mM), and then the mitochondria were stained
with MitoTracker Red (10 nM). Fluorescence images
of the ICC-LC showing the intracellular distribution
of mitochondria were superimposed over the fluo-4
Ca2+ fluorescence movie. Note that a non-
propagating Ca2+ transient appears in the cell
periphery on the left side, while the propagating
Ca2+ wave originated from the perinuclear mito-
chondria cluster on the right side of the nucleus.
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