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Aims: Mitochondria are important modulators of Ca2+ homeostasis. However, it is not clear if they modulate
and participate in smooth muscle signaling and contraction. The aim of the present work was to investigate
the role of mitochondria in Ca2+ transients and contraction induced by metabotropic muscarinic receptor
activation in rat gastric smooth muscle.
Mainmethods: Carbachol (CCh)-induced contractionwas investigated in the absence or presence of increasing
concentration of mitochondrial protonophore, carbonyl cyanide p-(trifluoro-methoxy)phenyl-hydrazone
(FCCP), in gastric fundus strips. Ca2+ and mitochondrial membrane potential (ΔΨm) measurements were
performed in primarily cultured gastric smooth muscle cells loaded with FURA-2 or TMRE dyes.
Key findings: Results show that CCh (1 μM)-induced contraction was inhibited by FCCP in a concentration-

dependentmanner. In cultured smoothmuscle cells CCh (1 μM) caused a cytosolic Ca2+ rise. Preincubationwith
FCCP strongly inhibited CCh-evoked Ca2+ transients indicating that mitochondria shape intracellular Ca2+

signals. CCh induced elevations of ΔΨm in 60% of the individual mitochondrion analyzed.
Significance:Taken together our results indicate that CCh induces release of Ca2+ from intracellular stores, which
may be modulated by mitochondria. Thus, mitochondria participate of the intracellular Ca2+ homeostasis in
muscarinic contraction in gastric fundus smooth muscle.

© 2011 Elsevier Inc. Open access under the Elsevier OA license.
Introduction

In smooth muscle, calcium (Ca2+) is an important second
messenger (Somlyo and Somlyo, 1968, 1994) and cytosolic Ca2+

increase occurs via Ca2+ influx or Ca2+ release (Putney, 1986; Rizzuto
and Pozzan, 2006). The main Ca2+ store is the sarcoendoplasmic
reticulum, which has the 1,4,5-inositol-trisphosphate (IP3) and
ryanodine receptors. Mitochondria are in close relation with the
plasma membrane and/or with the sarcoendoplasmic reticulum
(Hajnóczky et al., 1999) and store Ca2+ by a high-capacity and low-
affinity process (Kroner, 1986; Gunter and Pfeiffer, 1990; Nixon et al.,
1994) and form, together with sarcoendoplasmic reticulum, the
microdomains of Ca2+ (Fry et al., 1989; Rizzuto et al., 1993; Friel and
Tsien, 1994; Drummond and Fay, 1996; McCarron and Muir, 1999).
Ca2+ microdomains are characterized by increases in Ca2+ localized
in specific regions of the cell (Rizzuto and Pozzan, 2006), which
provides a relationship between organelles and allows temporal
fluctuations and spatial variations of cytosolic Ca2+ concentration that
modulate specialized functions. The mitochondria–sarcoendoplasmic
São Paulo, 04044-020, Brazil.
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reticulum microdomains may control Ca2+ concentration near the
mouth of IP3 receptor, which regulate the opening of this channel in
response to IP3 itself. Upon mobilization of Ca2+ from the sarcoendo-
plasmic reticulum, adjacent mitochondria release Ca2+ and play an
important role by grasping the ion and promoting the clearance of
cytosolic Ca2+ (Hajnóczky et al., 1999; Rizzuto et al., 1993; Simpson
and Russell, 1996). Moreover, mitochondrial Ca2+ uptake triggers
mitochondrial Ca2+ release, which leads to an amplification of
cytosolic Ca2+ signals (Ichas et al., 1997; Smaili and Russell, 1999;
Smaili et al., 2001b). In addition, mitochondria regulate the genera-
tion and the pattern of the Ca2+ waves as well (Jouaville et al., 1995;
Simpson and Russell, 1996), whichmight be important for the efficacy
of the contractile response (Drummond and Tuft, 1999; Drummond
et al., 2000; Szado et al., 2003). In many studies, the effect of
mitochondrial impairment on Ca2+ signaling has been evaluated by
using FCCP which is a protonophore that dissipates the mitochondrial
membrane potential (ΔΨm) and impairs Ca2+ uptake via the
uniporter, a mechanism driven by the electrogenic gradient (Gunter
et al., 1998).

Each type of smooth muscle cell has distinct characteristics
concerning Ca2+ handling, and among them, the vascular smooth
muscle is the most extensively studied (Restini et al., 2006). Thus,
cellular mechanisms related to the contraction of other smooth
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muscles, such as gastric fundus, are not well understood. So far, it is
known that contraction of gastric fundus is mainly mediated by M3

muscarinic receptor, which generates IP3 and leads to Ca2+ release
from sarcoendoplasmic reticulum (Smaili et al., 1997; Lin et al., 1997;
Smaili et al., 2001a, 2001b, 2001c; Stengel et al., 2002). Nevertheless,
it is still unclear what the relationship is between sarcoendoplasmic
reticulum and mitochondria and what would be the mitochondrial
participation on the contractile process. Based on this, the aim of this
study was to investigate the involvement of mitochondria in rat
gastric fundus smooth muscle contraction after activation of a
muscarinic metabotropic receptor.

Materials and methods

Tissue preparation

Male Wistar rats (280–330 g) were sacrificed by decapitation. The
stomach fundus was isolated and the mucosa was completely
removed. For contraction studies the fundus was cut in strips with
1.5 cm length and about 0.2 cm width. All animal procedures were
conducted in accordance with the recommendations of the Ethics
Committee for the Use of Experimental Animals of UNIFESP, São Paulo.

Functional studies

Gastric fundus strips were suspended vertically and immersed in
10 mL organ baths containing Tyrode salt solution with in mM/L:
136.8 NaCl, 2.7 KCl, 1.8 CaCl2, 1.2 MgCl2, 0.4 NaH2PO4, 11.9 NaHCO3

and 5.6 glucose, pH: 7.4 and the bath was kept at 37 °C and gassed
with 95%O2/5%CO2. The resting tension was adjusted for isotonic
recording, under a load of 1 g.

Effects of FCCP on carbachol (CCh) contractile response

After the equilibration period, fundus strips were stimulated three
times with a single concentration of CCh (10 μM, 10 min) with
20 minute intervals between two consecutive concentrations. As
observed previously, CCh-induced contraction was shown to be very
stable even after several additions and hours of experiments (Smaili
et al., 1991; 2001a, 2001b, 2001c). Therefore, after a control stimulus,
a single concentration of carbonyl cyanide p-(trifluoro-methoxy)
phenyl-hydrazone (FCCP) was added and incubated for 10 min and
during the next CCh addition. After washout, the procedure was
repeated by adding another concentration of FCCP. Three consecutive
concentrations of FCCP (1, 5 and 10 μM) were tested in this way.
Experiments with FCCP were conducted in the presence of oligomycin
(OLIGO, 1 μg/mL), which inhibits the mitochondrial F1/F0 and avoids
rapid ATP consumption induced by FCCP itself (Budd and Nicholls,
1996). OLIGO itself has little or no effect on CCh contraction
(Supplementary Fig. 1). Responses were measured at the peak of
each agonist concentration, which was considered the phasic
contraction and were expressed as percentage in relation to the
maximum effect of the CCh control stimulus. Tonic contraction was
also obtained after 2 min when CCh effect became sustained and
stable.

Culture of stomach smooth muscle cells

To obtain smooth muscle cells in culture, gastric fundus was
mechanically dissociated. Briefly, gastric fundus strips from male
Wistar rats were removed, as described above and gently cut in
pieces. The fragments were placed in Dulbecco's Modified Eagle
Medium (DMEM) low glucose plus 10% fetal bovine serum, 1%
penicillin/streptomycin and 0.1% fungizone, at 37 °C, pH 7.4 and
dispersed by using a plastic Pasteur pipette until the dissociation of
the tissue. The product of this procedure was centrifuged for 5 min
(224 g) and plated into 75 cm2
flasks in culture medium. The cell

culture was kept at 37 °C in a humidified atmosphere of 5% CO2 and
cell culture medium replaced every 2 days during 3 weeks or until
complete confluence. Two days before the experiments, cells were
removed from flasks by trypsinization and re-plated onto coverslips.
For trypsinization, trypsin/EDTA (0.1%) was added to the flasks for
5 min at 37 °C, followed by centrifugation (645 g, 10 min). Cells were
then suspended in culture medium and plated in coverslips. For real
time imaging and immunoassays, cells were seeded onto 25 and
13 mm glass coverslips, respectively.

Immunocytochemistry

For immunocytochemistry, cellswere tested for detection of desmin,
an intermediate filament muscle-specific. Cells in culture were washed
in 0.1 M phosphate buffered saline (PBS) containing in mM (137; NaCl,
2.7; KCl, 1.5; KH2PO4, 15.22; Na2HPO4, pH 7.4) and fixed in 2%
formaldehyde for 30 min, followed by 0.1 M glycine. Cells were then
incubatedwith 1% bovine albumin and 0.01% saponin in PBS for 15 min,
and with primary antibody anti-desmin (mouse, IgG, 1:100 dilution in
PBS) for 1 h. After that, coverslips were washed 3 times with PBS and
incubated with AlexaFluor 594-conjugated secondary antibodies (goat,
anti-IgG from mouse, 1:1000 dilution), for 40 min. Nuclei were then
stained with 4′,6′-diamino-2-phenylindole (DAPI) in PBS (1:1000
dilution) for 20 min. Finally, the preparations were adapted and
analyzed using a LSM510 confocal microscope (Carl Zeiss, Inc.,
Germany) fitted with a 40× 1.3 NA lens. The excitation lines/emission
filters were 543 nm (He/Ne1)/LP560 nm for AlexaFluor, and 750 nm
(Multifoton)/BP 435–485 nm for DAPI. The entire procedure was
performed at room temperature.

Ca2+ measurements

Smooth muscle cells plated on coverslips were loaded with 3 μM
FURA-2AM (Molecular Probes, Eugene, OR, USA) for 30 min in a
regular microscopy buffer containing (mM): 130 NaCl, 5.36 KCl, 0.8
MgSO4, 1 Na2HPO4, 25 glucose, 20 HEPES, pH 7.3. FURA-2 fluorescence
was collected at 510 nm emission and alternated 340 and 380 nm
excitation wavelengths. Cytoplasmic Ca2+ measurements were
evaluated by fluorescence microscopy (Nikon TE 300; Nikon, Osaka,
Japan) coupled to a CCD camera (Quantix 512 or CoolSnap both from
Roper Scientific Inc., Princeton Instruments, Princeton, NJ). Images
were acquired using BioIP software (Anderson Engineering, USA).
Images were acquired every 3 s intervals for at least 10 min. In certain
experiments Ca2+ imaging lasted for 15 or 20 min. In all experiments,
cells were first stabilized until basal fluorescence remained stable
before stimulation. CCh concentration of 1 μM was used, since it
evoked a submaximal and stable pattern of response. FCCP (5 μM), a
protonophore that collapses ΔΨm and causes mitochondrial Ca2+

release was used with OLIGO (1 μg/mL) (FCCP+OLIGO) to prevent
ATP consumption due to the reversemode of ATP-synthase (Budd and
Nicholls, 1996). FURA-2 experiments were performed in microscopy
buffer at 37 °C and digitonin was added at the end of each experiment
for maximum fluorescence ratio and calibration. Fluorescence
intensities at 340 and 380 were extracted by using a region of interest
tool (ROI) and the nonzero pixels within each ROI were averaged and
saved into a spreadsheet. Fluorescence ratio (340/380) intensities
were normalized (ΔF/F0) with ΔF calculated as the difference
between the peak fluorescence (F) and the mean value of 20 data
points prior to stimulation (F0).

Single cell measurements of ΔΨm

Cells cultured on coverslips were transferred to a thermostatically
controlled temperature chamber and incubated with tetramethylrhoda-
mine ethyl ester (TMRE) (20 nM) for 5–10 min in a microscopy buffer as
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described. TMRE is a cationic potentiometric dye that stains into
mitochondria that hold the ΔΨm and function in a Nernstian mode
(Duchen et al., 1998; Scaduto and Grotyohann, 1999). During all
experiments, cells were perfused in the presence of TMRE to replace
and avoid dye loss from the mitochondrial compartment. Thus, the
extracellular concentration was kept to maintain the Nernst equilibrium
established during the loading period. TMRE fluorescence (548 nm
excitation and 585 nm emission) was acquired using fluorescence
microscope coupled to the CCD camera. Due to the high resolution,
individual mitochondria were localized and the ROIs were drawn
surrounding individual organelles to extract fluorescence. After fluores-
cence extraction in arbitrary units, datawere normalized in relation to the
baseline fluorescence and ΔF calculated as described (above section on
Ca2+ measurements). ΔF were used to compare fluorescences between
different mitochondria as performed in our previous work (Smaili and
Russell, 1999; Smaili et al., 2001c). At the end of all experiments, TMRE
signalswere calibratedwith FCCP to collapse theΔΨmand certify the dye
location. Results were expressed as average of themitochondria analyzed
per experiment±s.e.m.

Drugs

The primary antibody anti-desmin was purchased from Dako.
DAPI, FURA-2-AM, TMRE and AlexaFluor secondary antibody were
obtained from Molecular Probes/Invitrogen (Carlsbad, CA, USA) and
stored at −20 °C in dimethylsulfoxide (DMSO). All drugs were
obtained from Sigma-Aldrich Chemical Co. (St Louis, MO, USA). Cell
culture reagents were from GIBCO/Invitrogen (Carlsbad, CA, USA),
except Trypsin/EDTA, purchased from Biofluids/Biosource Interna-
tional. All chemicals were reagent grade from Merck. The solutions of
FCCP, oligomycin, Fura-2AM were prepared by dilution with
dimethylsulfoxide DMSO which was less than 0.1% in final dilution.

Statistical analysis

All values are given as mean±s.e.m. Significance was tested by
One way ANOVA followed by Dunnett for comparisons with control
group or Bonferroni's test if multiple comparisons were performed.
Values of Pb0.05 were considered significant.

Results

Functional studies

As shown before (Smaili et al., 2001a, 2001b, 2001c) we have
found that CCh (10 μM) induces sustained contraction of smooth
muscle strips from rat gastric fundus (Fig. 1A) which was not affected
even after hours or several stimulations (Smaili et al., 1991; 2001a,
2001b, 2001c). In the present study, CCh-induced contraction was
then investigated after the incubation with different FCCP concentra-
tions to verify the influence of mitochondria on this contraction.
Fig. 1A and B shows that FCCP (1, 5 and 10 μM) promoted a
concentration-dependent inhibition of CCh contraction. In all exper-
iments, FCCP was added with oligomycin, in order to minimize the
deleterious effect of FCCP (Budd and Nicholls, 1996). Oligomycin
itself, at the concentrations used, had no effect on basal tonus or on
CCh phasic or tonic contraction (Supplementary Fig. 1) indicating that
the effect of FCCP on CCh-induced contraction wasmore related to the
mitochondrial Ca2+ transport rather than to the bioenergetics
alteration. However, to further test the effect of ATP depletion on
CCh-induced contraction, tissues were submitted for 10 or 20 min of
anoxia and CCh effect was investigated. In fact, ATP depletion may
inhibit phasic and tonic contraction. However, CCh effect was totally
recovered after oxygen reintroduction and ATP synthesis reestablish-
ment (Supplementary Fig. 2). Finally, when CCh-induced contraction
was previously incubated with Antimycin D, another mitochondrial
inhibitor, which may affect Ca2+ uptake without ATP depletion, CCh
contraction was also inhibited (Figure C).

Characterization of smooth muscle cells

Primarily cultured smooth muscle cells were first characterized by
immunocytochemistry assay for desmin, which is a protein that is
characteristic of the intermediate filament of the smooth muscle
(Lazarides and Hubbard, 1976; Gabbiani et al., 1981). An average of
95% of cells was desmin positive cells stained mainly in the cytosol
(Fig. 2), indicating that they were smooth muscle cells.

Intracellular Ca2+ measurements

In order to verify intracellular Ca2+ responses induced by CCh and
FCCP, these drugs were tested on smooth muscle cultured cells. The
concentration of CCh used in these experiments was 1 μM, which
predominantly induced transient responses.With lower concentrations
(0.1 μM) a low percentage of the cells were responsive, and higher
concentration (10 μM) showed a larger variation in the response
pattern, either with transient or sustained Ca2+ increase (results not
shown). For these experiments cells were loaded with FURA-2-AM for
evaluation of cytosolic Ca2+ changes. Fig. 3A shows images of cells
loaded with FURA-2 and illustrates the effect of CCh, at time 1 and
10min after the addition. CCh evoked an enhancement of the 340/380
ratio (emerging of red spots) which indicates the rise of the cytosolic
Ca2+ according to the pseudocolor scale bar. The effect of CCh was also
tested in the presence of FCCP (5 μM, plus oligomycin 1 μg/mL) which
significantly inhibited CCh effectwas observed (Fig. 3D). It is interesting
to note that FCCP itself induced a transient increase in cytosolic Ca2+

which is expected since as a mitochondrial protonophore may lead to
ΔΨm loss and evoke a Ca2+ release from these organelles (Smaili et al.,
2000). However, FCCP also depolarizes the plasma membrane, leading
to the opening of voltage operated Ca2+ channels and the Ca2+ influx to
intracellular space (Budd and Nicholls, 1996). Therefore, similar
experiments were performed in the absence of extracellular Ca2+

(Fig. 3B and E), which did not alter CCh effect. In the presence of FCCP
CCh-induced Ca2+ increase was inhibited in a similar fashion, either in
regular or in Ca2+ free buffer (Fig. 3D and E). Fig. 3F shows the average
elevation in fluorescence ratios evoked by CCh in the absence and
presence of FCCP and before or after extracellular Ca2+ removal.

CCh changes of the ΔΨm

To evaluate the effect of CCh on ΔΨm, cells were loaded with TMRE
(20 nM, 10 min) as described. In Fig. 4A, smooth muscle cells loaded
with the potentiometric dye TMRE show that mitochondria are
elongated, abundantly distributed throughout the cell in a fine network.
Under these conditions, CCh (1 μM)was tested and caused increases in
ΔΨmeither in regularor in calcium-freebuffer (Fig. 4B–C). Fluorescence
averages were expressed in Fig. 4D. When counted, majority of the
mitochondria (over 150 mitochondria in each field from at least 3 to 4
cells as shown in Fig. 4A)were responsive (Fig. 4E). Approximately, 60%
responded with an elevation of TMRE fluorescence, which correlates
with hyperpolarization of the ΔΨm. In calcium-free buffer, a larger
number ofmitochondria showedno response, however, therewas still a
40% of the organelles showing an increase in TMRE fluorescence
(Fig. 4E).

Discussion

Over the last decade, it has been shown that mitochondria actively
participate in Ca2+ homeostasis. However, mitochondrial involve-
ment in smooth muscle contraction was mainly investigated in
vascular muscles and further studies in different smooth muscle
types were necessary. In the present work, we present evidence that
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Fig. 1. Effects of mitochondrial agents on CCh-induced contractions in smooth muscle from rat gastric fundus. (A) Representative traces of contraction induced by CCh (10 μM) in the
absence and presence of increasing concentrations of FCCP (1 μM, 5 μM and 10 μM) added prior to CCh. After stimulation with CCh, preparations were washed and incubated for
10 min in Tyrode salt solution containing FCCP plus oligomycin (1 μg/mL), (FCCP+OLIGO), then, CCh contractions were induced. (B) Bars represent mean±s.e.m. of at least four
experiments. Contractions were represented in percentage (%) of maximum response obtained with CCh (considered 100%). *Indicates a significant difference (One way ANOVA
followed by Dunnett post-test, P≤0.05) in relation to the initial contractile response induced by CCh. (C) CCh-induced contractions were tested in the presence of increasing
concentration of antimycin D (1, 5, 20 and 40 μg/mL) incubated for 10 min before CCh addition. The phasic and tonic components of the contraction CCh were analyzed and ploted.
Graphic represents mean±s.e.m. of at least 6 experiments. Contractions expressed as percentage (%) of maximum response obtained with CCh.
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mitochondria may modulate muscarinic-induced Ca2+ rise and
contraction in rat gastric fundus. The involvement of mitochondria
was indicated by the observation that the impairment of mitochon-
drial function by FCCP compromised CCh-induced contraction and
altered Ca2+ movements in intracellular Ca2+ recordings. In fact, it
was previously shown that rat gastric fundus smooth muscle contrac-
tion induced by muscarinic agonists, such as CCh, is mainly mediated
Anti-desmin DAP

Fig. 2. Smooth muscle cells from rat gastric fundus stained with anti-desmin (conjugated wit
intermediate filaments are observed (in red). The nuclei were stained with DAPI. The image
experiments.
by IP3 receptors and Ca2+ release from sarcoendoplasmic reticulum
(Smaili et al., 2001a, 2001b, 2001c). Our data demonstrated that CCh-
induced contraction was inhibited by FCCP in a concentration-
dependent manner (Fig. 1A), which indicated that mitochondria
participate in CCh-induced contraction. In fact, FCCP was used to
dissipate the ΔΨm and impair mitochondrial Ca2+ uptake via the
uniporter, which is driven by an electrogenic gradient (Gunter et al.,
I Merged

h Alexafluor 594), for immunocytochemistry. Images show desmin positive cells, where
was acquired by confocal microscope with 40×/1.3 objective. Representative image of 3
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Fig. 3. Smooth muscle cells from rat gastric fundus loaded with FURA-2 AM (3 μM, 30 min). Cells were stimulated with 1 μM CCh and changes in fluorescence were analyzed by real
time microscopy. (A) Images show smooth muscle cells loaded with FURA-2 before and after CCh (1 and 10 min after the stimulus). Images represent the overlay fluorescence
(340/380) in pseudocolor indicated at the LUT scale bar (B) Representative traces of FURA-2 fluorescence from an individual smooth muscle cells stimulated with CCh. (C) Traces
show the effect of CCh (1 μM) in cells previously incubated in calcium-free medium. (D) Traces show the effect of CCh after 5 minutes incubation with FCCP (5 μM)+OLIGO
(1 μg/mL) (E) the effect FCCP+OLIGO followed by CCh in cells previously incubated in calcium-free medium. (F) Histogram shows averaged of normalized fluorescence indicating
the changes in ratio fluorescence evoked by CCh and CCh after FCCP+OLIGO and in regular or in calcium-free buffer. Data expressed as percentage of basal fluorescence
ratio (mean±s.e.m). ANOVA with Bonferroni post-test, ***P≤0.001.
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Fig. 4. Smooth muscle cells from rat gastric fundus loaded with TMRE (20 nM, 5–10 min). Cells were stimulated with 1 μM CCh and changes in fluorescence were analyzed by real
time microscopy. (A) Representative images of cells loaded with the potentiometric dye TMRE to observe changes in ΔΨm. (B–C) Representative traces of CCh effect on TMRE
fluorescence, in regular or calcium-free buffer. CCh caused an increase in ΔΨm in most of the mitochondria. FCCP (5 μM) was added in the end of each experiment. (D) Average
increase in TMRE fluorescence (in relation to the basal fluorescence as described in Materials and methods) induced by CCh in regular or calcium-free buffer. (E) Histogram shows
the number of mitochondria (in percentage) that hyperpolarized with CCh. Averages were obtained from more than 150 mitochondria analyzed from each field from at least four
experiments. ANOVA with Bonferroni post-test, *P≤0.05.
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1998). However, FCCP beyond eliminating mitochondrial Ca2+

transport mechanisms, also compromises ATP-generating processes
by causing the ATP synthase to work in a reversemode, which leads to
a massive ATP consumption (Budd and Nicholls, 1996). Therefore, we
have employed FCCP in different concentrations together with
oligomycin, which blocks the F0/F1 ATP synthase, and inhibits ATP
consumption for a period of time, minimizing the deleterious effect
induced by FCCP itself (Ward et al., 2003). In addition, we tested the
effect of a differentmitochondrial inhibitor such asAntimycinD,which
corroborated the results with FCCP and the hypothesis that mito-
chondria are important organelles for the CCh-induced Ca2+ transient
and contraction.

To further investigate the effect of FCCP on CCh effect, single cell
measurements were also conducted to analyze cytosolic Ca2+ and
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ΔΨm alterations. These experiments corroborated our hypothesis
and showed that mitochondrial inhibition by FCCP strongly affected
Ca2+ increase induced by CCh. Ca2+ rise induced by CChwas shown to
elicit sarcoendoplasmic reticulum Ca2+ mobilization (Smaili et al.,
1997; Smaili et al., 2001a, 2001b, 2001c). However, the influence of
mitochondria was not investigated, although it is well known that
mitochondria are important sources of Ca2+ that modulate and shape
signaling (Rizzuto and Pozzan, 2006). Our data have shown that the
presence of FCCP not only caused important alterations in CCh-
induced Ca2+ increase but also changed ΔΨm substantially. In fact,
the influence of mitochondria on Ca2+ signaling and contraction in
vascular smooth muscles was well studied and some workers have
found that the stimuli that evoke cytosolic Ca2+ rise also induced
mitochondrial Ca2+ uptake (Drummond and Tuft, 1999;Montell et al.,
2002; Swärd et al., 2002; Szado et al., 2003). In other types of muscles,
cytosolic Ca2+ rise and transient Ca2+ uptake into mitochondria were
followed by a rapid decrease in Ca2+ levels inside these organelles
(McCarron and Muir, 1999; Szalai et al., 2000; Robert et al., 2001;
Rudolf et al., 2004). In addition, accordingly to the cell type and the
predominant role of mitochondria on specific tissue, mitochondrial
Ca2+ release might be observed as a result of a cellular stimulus (Yang
et al., 2003).

In conclusion, the pattern and the speed of mitochondrial Ca2+

mobilization may vary according to the cell type and mitochondrial
location in relation to sarcoendoplasmic reticulum, not tomention the
number of mitochondria at these sites. Taken this information
together, the decrease in CCh-induced Ca2+ elevation caused by
incubation with FCCP indicates that mitochondrial impairment
strongly affects not only the intracellular Ca2+ homeostasis, but also
the muscle contraction. In addition, CCh itself also showed to evoke
elevations of theΔΨm in themajority of the responsivemitochondria,
which corroborates the hypothesis of the involvement of mitochon-
dria in CCh-induced Ca2+ and contractile responses. In fact, the
elevations of ΔΨm are strongly related to the increase in mitochon-
drial Ca2+ uptake (Smaili and Russell, 1999; Smaili et al., 2001b) and
the removal of Ca2+ from the microdomain between sarcoendoplas-
mic reticulum and mitochondria may provide an atmosphere that
facilitates the opening of the 1,4,5-inositol-trisphosphate receptors
(Hajnóczky et al., 1999; Rizzuto et al., 1993; Simpson and Russell,
1996). In this scenario the inhibition of the mitochondrial Ca2+

uptake caused by FCCP could lead to a transient Ca2+ accumulation at
the microdomain near the mouth of the 1,4,5-inositol-trisphosphate
receptors, decreasing the opening probability of this channel and
shutting down the calcium-induced calcium release mechanism.
Therefore, the consequences of these events would lead to the
decrease in cytosolic Ca2+ and CCh-induced contraction. All together,
these data indicate that the loss of ΔΨm affects intracellular Ca2+

mobilization from sarcoendoplasmic reticulum in rat gastric fundus
smooth muscle, which alter CCh-induced contraction. The impair-
ment of mitochondria strongly compromises mitochondrial capacity
to regulate Ca2+ processes, such as the synchronization of Ca2+waves
and modulation of Ca2+ release from sarcoendoplasmic reticulum
(Hajnóczky et al., 1999; Jouaville et al., 1995), which influences Ca2+

signaling and smooth muscle function.
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