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ABSTRACT A cold/warm loading protocol was used to ester-load Rhod 2 into mitochondria and other organelles and Fluo
3 into the cytosol of adult rabbit cardiac myocytes for confocal fluorescence imaging. Transient increases in both cytosolic
Fluo 3 and mitochondrial Rhod 2 fluorescence occurred after electrical stimulation. Ruthenium red, a blocker of the
mitochondrial Ca2� uniporter, inhibited mitochondrial Rhod 2 fluorescence transients but not cytosolic Fluo 3 transients. Thus
the ruthenium red-sensitive mitochondrial Ca2� uniporter catalyzes Ca2� uptake during beat-to-beat transients of mitochon-
drial free Ca2�, which in turn may help match mitochondrial ATP production to myocardial ATP demand. After ester loading,
substantial amounts of Ca2�-indicating fluorophores localized into an acidic lysosomal/endosomal compartment. This
lysosomal fluorescence did not respond to electrical stimulation. Because fluorescence arose predominantly from lysosomes
after the cold loading/warm incubation procedure, total cellular fluorescence failed to track beat-to-beat changes of
mitochondrial fluorescence. Only three-dimensionally resolved confocal imaging distinguished the relatively weak mitochon-
drial signal from the bright lysosomal fluorescence.

INTRODUCTION

In the heart at maximum cardiac output, total ATP and
creatine phosphate turn over every few seconds (Achter-
berg, 1988; Taegtmeyer, 1988). Because heart rate and
cardiac output increase within seconds in response to exer-
tion, ATP production by oxidative phosphorylation must
respond on virtually a beat-to-beat basis to avoid large
fluctuations of myocardial ATP and creatine phosphate in
response to changes of cardiac output. One factor proposed
to regulate mitochondrial metabolism is intramitochondrial
Ca2�, because pyruvate dehydrogenase, isocitrate dehydro-
genase, and �-ketoglutarate dehydrogenase are each acti-
vated by submicromolar Ca2� (McCormack and Denton,
1979; Williamson and Cooper, 1980; Hansford, 1981).
Other evidence suggests that Ca2� may also activate mito-
chondrial respiration, adenine nucleotide translocation, and
ATP synthetase activity (Moreno-Sanchez, 1985a,b;
Halestrap, 1987).

A controversial issue is whether changes in mitochondrial
Ca2� are kinetically competent to regulate mitochondrial
ATP formation in response to rapid changes in myocardial
work. Elemental microanalysis of rapidly frozen cardiac
myocytes revealed a fourfold increase in total mitochondrial
Ca2� 50 ms after electrical stimulation (Wendt-Gallitelli

and Isenberg, 1991; Isenberg et al., 1993; Gallitelli et al.,
1999; but see Moravec and Bond, 1991). In contrast, mi-
crofluorometry of Ca2�-indicating fluorophores in noncy-
tosolic (presumably mitochondrial) compartments of single
cardiac myocytes showed a slow increase in mitochondrial
Ca2� over tens of seconds in response to increased electrical
pacing, but no rapid mitochondrial Ca2� transients with
each single contraction (Miyata et al., 1991; Di Lisa et al.,
1993; Griffiths et al., 1997). The same techniques were used
to measure changes in mitochondrial Ca2� during ischemia/
hypoxia and reoxygenation (Miyata et al., 1992; Griffiths et
al., 1998). However, we recently applied confocal micros-
copy to measure mitochondrial free Ca2� in adult rabbit
cardiac myocytes and observed rapid beat-to-beat mito-
chondrial transients during electrical pacing (Chacon et al.,
1996; Trollinger et al., 1997; Ohata et al., 1998).

The apparent Km for uptake of Ca2� through the ruthe-
nium red-sensitive uniporter in isolated mitochondria is
several times the levels of cytosolic free Ca2� in myocytes
(Gunter and Pfeiffer, 1990). Modeling of the kinetic char-
acteristics of Ca2� uptake and release by isolated mitochon-
dria leads to the conclusion that mitochondria are unable to
take up and release significant amounts of Ca2� during the
contractile cycle (Nicholls and Crompton, 1980). However,
the kinetic characteristics of enzymes and transporters in
situ within living cells may be quite different from what is
measured in vitro. In particular, polyamines such as sperm-
ine, which exist at millimolar concentrations in the cytosol,
decrease the Km of Ca2� uptake by isolated mitochondria
(Nicchitta and Williamson, 1984).

Accordingly, the goal of the present study was to deter-
mine whether the rapid mitochondrial Ca2� uptake ob-
served by confocal microscopy during the contractile cycle
involves the ruthenium red-sensitive mitochondrial Ca2�
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uniporter. Furthermore, we sought to better characterize the
noncytosolic uptake of ester-loaded Ca2�-indicating fluoro-
phores. Our results show that ruthenium red specifically
inhibits mitochondrial but not cytosolic Ca2� transients
during the contractile cycle. Moreover, we show substantial
uptake of Ca2�-indicating fluorophores into the lysosomal/
endosomal compartment after ester loading. This lysosomal
loading obscures the observation of mitochondrial Ca2�

transients by whole-cell fluorescence measurements.

EXPERIMENTAL PROCEDURES

Myocyte isolation

Adult cardiac myocytes were isolated from New Zealand white rabbits
(3–4 kg) by collagenase/hyaluronidase digestion, as previously described
(Trollinger et al., 1997), and attached to laminin-coated coverslips (10
�g/cm2) for 2 h in an air/5% CO2 incubator at 37°C in nutrient medium
(1:1 mixture of Joklik’s medium and medium 199 supplemented with 0.05
U/ml insulin, 1 mM creatine, 1 mM octanoic acid, 1 mM taurine, 10 U/ml
penicillin, and 10 mg/ml streptomycin). All experiments were performed
within 12 h of plating and at room temperature in Krebs-Ringer-HEPES
buffer (KRH) (110 mM NaCl, 5.0 mM KCl, 1.25 mM CaCl2, 0.5 mM
Na2HPO4, 0.5 mM KH2PO4, 1.0 mM MgSO4, 10 mM glucose, 1.0 mM
octanoic acid, and 20 mM HEPES) containing 1 �M isoproterenol at
pH 7.4.

Two-step cold loading/warm incubation protocol

Myocytes were loaded with Rhod 2-AM (5 �M) for 30 min at 4°C or Fluo
3-AM (10 �M) for 30 min at 4°C in HEPES-buffered nutrient medium (20
mM HEPES) containing 10% fetal calf serum at pH 7.4. After cold loading,
cells were incubated for 4–6 h at 37°C in nutrient medium without serum.
Before mounting on the microscope, cells were washed twice with KRH.

Warm loading of fluorophores

Myocytes were loaded with Fluo 3-AM (10 �M), LysoTracker red (50
nM), and/or Rhodamine 123 (1 �M) at 37°C for 15–30 min in nutrient
medium without serum.

Electrical simulation

Myocytes were field depolarized at twice the threshold voltage in 5-ms
pulses with a Grass model SD9 stimulator (Quincy, MA).

Confocal fluorescence imaging

Images of green fluorescence (Fluo 3, Rhodamine 123) and red fluores-
cence (Rhod 2, LysoTracker Red) were collected at 23°C with a Zeiss 410
laser scanning confocal microscope. Pinhole settings were set to maximize
optical sectioning, which was �0.9 �m. Green and red fluorescence were
excited, respectively, with the 488- and 568-nm lines of an argon-krypton
laser. Red and green fluorescence were directed to separate photomultipli-
ers by a 560-nm long-pass dichroic reflector through 590-nm long-pass and
522-nm (35-nm bandpass) barrier filters, respectively. Images were
pseudocolored using the black body look-up table of Photoshop (Adobe
Systems, San Jose, CA), as shown by insets in the figures. Plot analyses
were performed using Image PC (Scion Corp., Frederick, MD).

Materials

Br-A23187 and ruthenium red were obtained from Sigma (St. Louis, MO).
Rhod 2-AM, Fluo 3-AM, Rhodamine 123, and LysoTracker Red were
obtained from Molecular Probes (Eugene, OR). All other reagents were of
analytical grade and were obtained from the usual commercial sources.

RESULTS

Inhibition by ruthenium red of mitochondrial Ca2�

transients during the contractile cycle

Ca2�-tolerant adult rabbit cardiac myocytes were isolated
by enzymatic digestion and plated on glass coverslips (see
Experimental Procedures). Myocytes were then subjected to
a two-step loading protocol (Trollinger et al., 1997). Ini-
tially, myocytes were incubated with Rhod 2-AM for 30
min at 4°C. Such cold loading localized Rhod 2 to both
cytosolic and noncytosolic organellar compartments, in-
cluding mitochondria. Subsequently, the myocytes were
incubated at 37°C for 4–6 h. This second step permitted
leakage of cytosolic Rhod 2 with retention of Rhod 2
trapped in mitochondria and other organelles. Confocal
images of myocytes loaded with Rhod 2 in this fashion
revealed a characteristic mitochondrial pattern (Fig. 1 a;
compare with Fig. 7 a). The myocyte in Fig. 1 a was then
electrically stimulated during the collection of a 16-s con-
focal scan. Rhod 2 fluorescence rapidly increased and de-
creased after each stimulation, producing horizontal band-
ing in the image as the scan proceeded from top to bottom
(Fig. 1 b). To quantify the transients of Rhod 2 fluorescence,
the average intensity of each row of pixels in the x direction
was plotted against scan time in the y direction for the
selected area outlined by white lines. This plot analysis
showed that fluorescence increased by an average of 93%
after each stimulation (Fig. 2).

Ruthenium red inhibits mitochondrial Ca2� uniport
(Moore, 1971; Reed and Bygrave, 1974) but crosses the
plasma membrane of intact cells slowly (see Matlib et al.,
1998). Thus little change in mitochondrial Ca2� transients
was observed in the first few minutes after the addition of
10 �M ruthenium red (not shown). After 20 min, however,
mitochondrial Ca2� transients were suppressed (Fig. 1 c),
although the cells continued to contract. Plot analysis con-
firmed the inhibition of the Rhod 2 fluorescence transients
by ruthenium red (Fig. 2, middle). In the right panel of Fig.
2, we plotted the average of five consecutive fluorescence
transients before and after ruthenium red addition. The
initial rate of rise of Rhod 2 fluorescence after electrical
stimulation was inhibited by 85% by ruthenium red,
whereas the peak fluorescence change in the averaged tran-
sients was suppressed by 58%. Similar results were obtained
in two other independent experiments.

The residual Rhod 2 fluorescence transient after ruthe-
nium red may represent either the cytosolic Ca2� transient
due to retention of some Rhod 2 in the cytosol or to an
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incomplete inhibition of the mitochondrial Ca2� transient
by the poorly penetrating ruthenium red. Previously we
showed that cytosolic Ca2� transients are no slower than the
observed mitochondrial transients (Chacon et al., 1996;
Ohata et al., 1998). Because Rhod 2 fluorescence transients

became considerably slower in the presence of ruthenium
red and plateaued after �190 ms rather than after 60 ms
(Fig. 2), the residual Rhod 2 fluorescence transient after
ruthenium red inhibition likely represents an attenuated
mitochondrial transient.

FIGURE 1 Inhibition by ruthenium red of mitochondrial Ca2� transients after electrical stimulation. A cardiac myocyte was loaded with Rhod 2-AM (5
�M) at 4°C for 30 min followed by warm incubation at 37°C for 5 h. Sixteen-second confocal scans of red Rhod 2 fluorescence were then collected, which
progressed from top to bottom in each image. (a) Confocal imaging of Rhod 2 fluorescence after cold loading/warm incubation showed a mitochondrial
pattern of labeling. Double arrows label bright spots of lysosomal fluorescence (see Fig. 6). (b) The myocyte was stimulated at 1 Hz. Rhod 2 fluorescence
increased and decreased in the mitochondria to produce horizontal banding in the 16-s scans (arrows). (c) Ruthenium red (RR) (10 �M) was added, and
another confocal image was collected after 20 min. In the presence of ruthenium red, mitochondrial Ca2� transients were suppressed. (d) Oligomycin (10
�M), CCCP (10 �M), and then Br-A23187 (20 �M) were added at the end of the experiment to increase Ca2� everywhere inside the cell and saturate Rhod
2 fluorescence. Under these conditions, Rhod 2 was confined almost exclusively to mitochondria. This is one experiment that is representative of three.

FIGURE 2 Plot analysis of mitochondrial Ca2� transients before and after ruthenium red. In the left and middle panels, the average intensity for each
row of pixels in the x direction in arbitrary units (a.u.) was plotted against scan time calculated from the y axis position. Selected areas with few bright
lysosomal spots (see Fig. 6) were used, as outlined in white in Fig. 1, b and c. In the right-hand panel, fluorescent transients during five consecutive
stimulations were averaged in the absence (F) and presence (E) of ruthenium red from the selected areas shown in Fig. 1, b and c. Error bars are SD.
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Subsequently Br-A23187, a Ca2� ionophore, was added
to saturate Rhod 2 in all compartments and reveal the
intracellular distribution of the fluorophore. In addition, an
uncoupler, carbonylcyanide m-chlorophenylhydrazone
(CCCP), was added to depolarize the mitochondrial inner
membrane and prevent electrophoretic uptake of Ca2� into
the mitochondrial space in excess of cytosolic Ca2� con-
centration. Oligomycin was also added to prevent ATP
depletion by the uncoupler-stimulated mitochondrial ATPase
and subsequent cell death (Nieminen et al., 1990, 1994).
Increased intracellular Ca2� after the addition of Br-
A23187, CCCP, and oligomycin led to contracture (Fig. 1
d), but Rhod 2 fluorescence remained confined to mitochon-
dria, which were distorted into round and oblong masses by
the contracture. Contracture demonstrated that cytosolic
Ca2� was indeed elevated. Nonetheless, cytosolic spaces
between mitochondria remained dark. Previously we pre-
vented contracture by using butanedione monoxime. In the
absence of contracture, Br-A23187 produced a pattern of
Rhod 2 fluorescence after the cold loading/warm incubation
protocol that was identical to the pattern observed in normal
cells labeled with the mitochondrial markers rhodamine
123 and tetramethylrhodamine methylester (Trollinger et
al., 1997).

Lack of inhibition by ruthenium red of cytosolic
Ca2� transients during the contractile cycle

Ruthenium red compounds are reported to inhibit Ca2�

release from the ryanodine channels of the sarcoplasmic
reticulum (Chamberlain et al., 1984; Chiesi et al., 1988;
Calviello and Chiesi, 1989). Although the ryanodine chan-
nel of cardiac muscle is less sensitive to ruthenium red inhi-
bition than skeletal muscle, we wanted to exclude the possi-
bility that the ruthenium red blockade of mitochondrial Ca2�

transients was secondary to suppression of cytosolic Ca2�

transients. Accordingly, myocytes were loaded with 10 �M
Fluo 3-AM at 37°C. Warm loading under these conditions
favors cytosolic over mitochondrial loading (Nieminen et al.,
1995; Trollinger et al., 1997; Ohata et al., 1998). In unstimu-
lated cells, Fluo 3 fluorescence was dim and diffuse (Fig. 3 a),
except for a few bright spots (double arrows) that corre-
sponded to acidic lysosomes (see below), which were also
observed after cold ester loading of Rhod 2 (Fig. 1 a, double
arrows). Faint striations were also present, which may repre-
sent some Fluo 3 uptake into the sarcoplasmic reticulum, as
reported for endoplasmic and sarcoplasmic reticulum
(Golovina and Blaustein, 1997). When Fluo 3-loaded myo-
cytes were electrically stimulated, fluorescence increased after

FIGURE 3 Lack of inhibition by ruthenium red of cytosolic Ca2� transients after electrical stimulation. A cardiac myocyte was loaded with Fluo 3-AM
(10 �M) at 37°C for 15 min before confocal imaging. (a) Note that Fluo 3 fluorescence was diffuse throughout the cell, except for occasional bright
lysosomal spots (double arrows; see Fig. 6) and some faint striations, the latter possibly due to a small amount of Fluo 3 uptake into the sarcoplasmic
reticulum. (b) During electrical stimulation at 1 Hz, Fluo 3 fluorescence increased and decreased to produce horizontal banding in the 16-s scan. (c) The
subsequent addition of 10 �M ruthenium red (RR) as in Fig. 1 did not block these cytosolic fluorescence transients. (d) After the addition of oligomycin,
CCCP, and Br-A23187 as described in Fig. 1, Fluo 3 fluorescence rose throughout the cytoplasm, which demonstrated cytosolic loading of fluorophore.
(e) After 15 min of exposure to Br-A23187, the myocyte shortened. This is one experiment that is representative of three.
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each stimulation, again producing horizontal banding as the
scan progressed from top to bottom (Fig. 3 b). Plot analysis
revealed that Fluo 3 fluorescence increased by an average of
196% after each stimulation (Fig. 4).

Subsequently, ruthenium red was added, and images were
collected after 20 min. In contrast to myocytes loaded with
Rhod 2 by the two-step cold loading/warm incubation pro-
tocol, ruthenium red treatment did not suppress cytosolic
Ca2� transients of Fluo 3-loaded myocytes (Fig. 3 c). Plot
analyses confirmed the lack of inhibition of Fluo 3 fluores-
cence transients by ruthenium red (compare left and middle
panels of Fig. 4). Indeed, averaged fluorescence transients
before and after ruthenium red addition were virtually in-
distinguishable (Fig. 4, right). When Br-A23187 was then
added, Fluo 3 fluorescence increased diffusely throughout
the myocyte (Fig. 3, d and e). Under ideal imaging condi-
tions, mitochondria can be imaged as dark voids within a
fluorescently labeled cytosol (Nieminen et al., 1995; Cha-
con et al., 1996; Ohata et al., 1998). In the present experi-
ments, however, we restricted our excitation energy to
minimize photodamage. Thus negative imaging of mito-
chondria was limited by spatial signal-to-noise, although
some negative imaging of a cluster of perinuclear mitochon-
dria was evident between the two nuclei of the binucleate
myocyte. Similar results were obtained in two other exper-
iments.

Mitochondrial and cytosolic Ca2� transients in a
myocyte loaded simultaneously with Rhod 2 in
mitochondria and Fluo 3 in the cytosol

To exclude the possibility that ruthenium red was acting
differently in the different experiments, we again labeled
myocytes with Rhod 2 by a cold loading/warm incubation
protocol. After the warm incubation, we loaded cells with
10 �M Fluo 3-AM for 15 min at 37°C. Our aim was to load
Fluo 3 into the cytosol and Rhod 2 into the mitochondria.
After this coloading procedure, red Rhod 2 fluorescence of
unstimulated myocytes again showed a mitochondrial pat-
tern (Fig. 5 a). Except for lysosomal uptake, green Fluo 3

fluorescence showed a diffuse cytosolic pattern (Fig. 5 a�).
During stimulation, both Rhod 2 and Fluo 3 images showed
horizontal banding indicative of Ca2� transients (Fig. 5, b
and b�). After the addition of ruthenium red, Rhod 2 fluo-
rescence transients were suppressed after 20 min (Fig. 5 c),
but the Fluo 3 transients remained prominent (Fig. 5 c�).
Electrical stimulation in the experiment of Fig. 5 was close
to threshold, and some electrical stimulations failed to cause
any Ca2� transients at all. This occurred both before and
after the addition of ruthenium red. However, when electri-
cal stimulation did produce a response, the individual cyto-
solic Ca2� transients were as strong after the addition of
ruthenium red as before, whereas the mitochondrial tran-
sients were strongly suppressed by ruthenium red.

Subsequently, low-Na� buffer was added to increase
intracellular Ca2� by reversal of the sarcolemmal Na�/Ca2�

exchanger. In the Rhod 2 image, fluorescence increased in
mitochondria but not in toxic blebs containing cytosol (Fig.
5 d, double arrows), whereas Fluo 3 fluorescence increased
diffusely throughout the cytosol, including inside blebs
(Fig. 5 d�). Together, Figs. 1–5 show that ruthenium red
specifically blocks mitochondrial Ca2� transients but not
cytosolic Ca2� transients during electrical pacing. Thus the
ruthenium red-sensitive Ca2� uniporter of the mitochondrial
inner membrane mediates mitochondrial Ca2� uptake dur-
ing the contractile cycle.

Lysosomal localization of Ca2�-indicating
fluorophores after ester loading

As mentioned above, small bright spots of fluorescence
were observed throughout the cytoplasm after both cold and
warm ester loading of Ca2�-indicating fluorophores (Figs. 1
a and 3 a, double arrows). Previously we suspected that
these bright spots of fluorescence represented lysosomes
(Trollinger et al., 1997; Ohata et al., 1998). To test this
hypothesis, we loaded myocytes with green-fluorescing
Fluo 3 by our cold loading/warm incubation protocol. We
then incubated the cells with LysoTracker Red, a red-fluo-
rescing fluorophore that localizes to the acidic lysosomal/

FIGURE 4 Plot analysis of cytosolic Ca2� transients before and after ruthenium red. In the left and middle panels, the average x axis pixel fluorescence
intensity was plotted versus time for the selected areas outlined in white in Fig. 3, b and c, as described in the legend to Fig. 2. In the right panel, fluorescent
transients during five consecutive stimulations were averaged in the absence (F) and presence (E) of ruthenium red from the selected areas shown in Fig.
3, b and c. Error bars are SD.
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endosomal compartment. Confocal images of LysoTracker
Red showed many small punctate structures that represent
lysosomes and associated acidic endosomes (Fig. 6 a). An
image of the green fluorescence of Fluo 3 was then obtained.
Most Fluo 3 fluorescence colocalized to lysosomes labeled
with LysoTracker Red (compare Fig. 6, a and b). Indeed, the
majority of total Fluo 3 fluorescence was lysosomal. Selected
area analysis showed a correlation coefficient (r) of 0.779 (p �
0.0001) for fluorescence intensity values between correspond-
ing pixels in the Fluo 3 and LysoTracker Red images.

Although acidic lysosomal/endosomal compartments
were dispersed throughout the cytoplasm, their disposition
was not entirely random. When the image was aligned to the
long axis of the myocyte (box in Fig. 6 a), the plot of
average intensity of each row of pixels in the x direction
against y axis position showed peaks with a periodicity of
1.9 �m (Fig. 6 c). Thus lysosomal position seems to be
aligned with the sarcomeric repeat, although only a small
proportion of all sarcomeres in individual myofibrils were
associated with lysosomes.

Contribution of lysosomes and mitochondria to
total cellular fluorescence after cold loading/
warm incubation of Rhod 2

The question now arises: How can mitochondrial Ca2� be
measured if most fluorescence arises from lysosomes? To
address this issue, a myocyte was cold loaded with Rhod 2
followed by warm incubation, as described above. Then the
cell was loaded with green-fluorescing Rhodamine 123,
which was taken up by mitochondria. Rhodamine 123 flu-
orescence illustrated the typical distribution of mitochondria
within a myocyte (Fig. 7 a). An image of the red fluores-
cence of Rhod 2 was then collected during electrical stim-
ulation. Our confocal microscope can only record a linear
scale of 256 gray levels (0–255), and intensity levels ex-
ceeding this range were recorded as a value of 255. Accord-
ingly, we used laser illumination of low intensity, so that the
brightest spots of fluorescence arising from lysosomes
would not exceed an intensity value of 254 (Fig. 7 b).
Images obtained in this way fairly represented the intracel-

lular distribution of total Rhod 2 fluorescence arising from
the myocyte. As can readily be seen, Rhod 2 fluorescence
under these conditions bore little relation to the distribution
of Rhodamine 123-labeled mitochondria (compare Fig. 7, a
and b). Rather, the distribution of Rhod 2 fluorescence
corresponded to the pattern of lysosomal fluorescence
shown in Fig. 6 a. The image in Fig. 7 b was collected
during electrical stimulation, but no fluorescence transients
were observed at this low level of laser illumination. A plot
of average intensity for each row of pixels in the x direction
(an unbiased sampling of total cellular fluorescence) versus
scan time in the y direction also did not show fluorescence
transients (Fig. 8, left). Rather, the plot analysis showed
random fluctuations of average x axis intensity as the scan
in the y direction encountered individual lysosomes.

Next we repeated the confocal scan, using 100 times more
laser excitation intensity. Fluorescence arising from lysosomes
was now saturated and was recorded as gray-level intensities of
255 (Fig. 7 c). At this higher excitation, a mitochondrial pattern
of fluorescence could now be identified in addition to the
original lysosomal pattern of fluorescence. Moreover, this mi-
tochondrial fluorescence showed transients during electrical
stimulation, as revealed by the appearance of horizontal band-
ing (Fig. 7 d). Similarly, at excitation 100 times greater, the
plot analysis showed repetitive fluorescence transients with
each electrical stimulation (Fig. 8, right, arrows), which were
not present in the absence of stimulation (Fig. 8, middle). In
contrast to the plot analyses shown in Figs. 2 and 4, which
were performed in small selected areas containing few lyso-
somes, the plot analysis shown in Fig. 8 was performed over
the entire myocyte. Consequently, in the absence of electrical
stimulation, the average fluorescence for each row of pixels in
the x direction fluctuated irregularly as the scan in the y
direction encountered the highly fluorescent lysosomes (Fig. 8,
middle). Subsequent electrical pacing then produced regularly
repeating fluorescence transients that were superimposed on
this irregular background (Fig. 8, right). Taken together, these
experiments document that rapid Ca2� transients occur in
mitochondria that are readily observable by confocal imaging
but not by total cellular fluorescence.

FIGURE 5 Ruthenium red inhibition of Ca2� transients in myocytes coloaded with Rhod 2 and Fluo 3. Myocytes were labeled with Rhod 2-AM by the
cold loading/warm incubation protocol described in Fig. 1. After warm incubation, the myocytes were then loaded with Fluo 3-AM (10 �M) for 15 min
at 37°C. After washing with KRH, confocal images of red Rhod 2 fluorescence (�590 nm) excited by 568 nm light and green Fluo 3 fluorescence (505–540
nm) excited by 488 nm light were collected in sequential 16-s scans, as described in Fig. 1. (a) Before stimulation, Rhod 2 fluorescence showed a
mitochondrial pattern. (a�) Fluo 3 fluorescence showed predominantly a diffuse pattern, except for small spots of lysosomal fluorescence (see Fig. 6). (b
and b�) Both Rhod 2 and Fluo 3 fluorescence showed horizontal banding when confocal images were collected during electrical stimulation. This banding
indicated mitochondrial and cytosolic Ca2� transients, respectively (b and b�, arrows). (c) Rhod 2 fluorescence transients were suppressed 20 min after the
addition of 10 �M ruthenium red (RR), but (c�) the Fluo 3 fluorescence transients remained. Electrical stimulation in this experiment was close to threshold,
and some electrical stimulations failed to induce Ca2� transients. This occurred both before and after the addition of ruthenium red. When electrical
stimulation did produce a response, individual cytosolic Ca2� transients were as strong after ruthenium red as before, whereas the mitochondrial transients
were strongly suppressed. Subsequently, K�-substituted, low-Na� KRH (5 mM Na�) was added to increase intracellular Ca2� by reverse Na�/Ca2�

exchange (d and d�). (d) Rhod 2 fluorescence increased inside mitochondria, but not in toxic blebs (double arrows), whereas (d�) Fluo 3 fluorescence
increased diffusely in both the cytosol and blebs (double arrows).
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DISCUSSION

Inhibition of mitochondrial Ca2� transients in
cardiac myocytes by ruthenium red

Here we show for the first time that ruthenium red inhibits
the rapid mitochondrial Ca2� transients that accompany each
contractile cycle in adult rabbit cardiac myocytes (Fig. 1).
Ruthenium red produced a 58% decrease in the peak of the
transient and a 85% decrease of the initial rate of rise of the
transient (Fig. 2). Because ruthenium red permeates the sarco-
lemma slowly (Matlib et al., 1998), inhibition did not become
evident until many minutes after the ruthenium red addition.
Thus we routinely made our measurements 20 min after the
addition of 10 �M ruthenium red.

Ruthenium red inhibits Ca2� uptake by isolated heart
mitochondria with an IC50 of 7 nM (Matlib et al., 1998).
Ruthenium red also inhibits the Ca2� release channel of
isolated cardiac sarcoplasmic reticulum, but the IC50 is
much greater (�2 �M) (Chiesi et al., 1988). In digitonin-
permeabilized rat cardiac myocytes, the IC50 for the inhi-
bition of Ca2� release from the sarcoplasmic reticulum is
5–10 �M (Matlib et al., 1998). Although inhibition of Ca2�

release from the sarcoplasmic reticulum of nonpermeabi-
lized myocytes will be even weaker because of the very
slow permeation of ruthenium red, one mechanism of inhi-
bition of mitochondrial Ca2� transients could be an inhibi-
tion of cytosolic Ca2� transients secondary to blockade of
cytosolic Ca2� influx from the sarcoplasmic reticulum. To
exclude this possibility, we loaded Fluo 3 into the cytosol,
and we observed that ruthenium red had virtually no effect
on cytosolic Ca2� transients during the contractile cycle
(Figs. 3 and 4). To ensure that ruthenium red was actually
penetrating the myocytes in these experiments, we devel-
oped a new technique to load one Ca2� indicator into the
mitochondria (Rhod 2) and a second indicator into the
cytosol (Fluo 3). In myocytes coloaded in this fashion,
ruthenium red inhibited mitochondrial transients of Rhod 2
fluorescence but not cytosolic transients of Fluo 3 fluores-
cence (Fig. 5). Furthermore, contractions persisted after
treatment with ruthenium red, which also supports the con-
clusion that ruthenium red did not block Ca2� release or
reuptake by the sarcoplasmic reticulum to a biologically
significant extent. Taken together, these findings indicate
that the site of action of ruthenium red at the concentration
used in our study is the mitochondrion and, most likely, the
mitochondrial electrogenic Ca2� uniporter.

In isolated mitochondria, the Km and Vmax of the ruthe-
nium red-sensitive Ca2� uniporter have long been consid-
ered inadequate to produce significant changes in intrami-
tochondrial Ca2� during the time course of a single
contractile cycle at extramitochondrial free Ca2� concen-
trations that occur in situ (Nicholls and Crompton, 1980;
Gunter and Pfeiffer, 1990), an expectation confirmed in
isolated, perifused mitochondria (Leisey et al., 1993). How-
ever, because rapid ruthenium red-sensitive mitochondrial

FIGURE 6 Lysosomal localization of Fluo 3 after ester loading. Myo-
cytes were loaded with 10 �M Fluo 3-AM by the cold loading/warm
incubation protocol, as described in Fig. 1 for Rhod 2, and then incubated
with LysoTracker Red (50 nM) for 20 min at 37°C to label lysosomes. (a)
Red LysoTracker Red fluorescence was imaged. (b) Green Fluo 3 fluores-
cence was imaged. LysoTracker Red and Fluo 3 colocalized in heteroge-
neous punctate structures that represent lysosomes and associated acidic
endosomes. The Pearson correlation coefficient between intracellular pixel
intensity values of the LysoTracker Red and Fluo 3 images was 0.779 (p �
0.0001). (c) A plot analysis of average x axis pixel intensity at each y axis
position parallel to the myocyte long axis shows peaks of LysoTracker Red
fluorescence at a periodicity of 1.9 �m. The white lines in a outline the
selected area used in the plot analysis.
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Ca2� uptake actually occurred in single living myocytes
during the contractile cycle, our results indicate that the Km

of the uniporter is decreased and/or the Vmax is increased in
vivo for Ca2� uptake by mitochondria. The presence in vivo
of factors stimulating mitochondrial Ca2� uptake, such as

polyamines (Nicchitta and Williamson, 1984), may explain
the difference between in vitro and in vivo observations.

In intact myocytes, adrenergic stimulation also increases
the rate of mitochondrial Ca2� uptake. In previous work, we
measured cytosolic and mitochondrial Ca2� transients in

FIGURE 7 Discrimination by confocal microscopy of lysosomal and mitochondrial loading of Ca2�-indicating fluorophores. A myocyte was loaded with
Rhod 2-AM (5 �M) by the cold loading/warm incubation protocol and then with Rhodamine 123 (1 �M) for 30 min at 37°C. (a) Green Rhodamine 123
fluorescence documents the distribution of mitochondria within a myocyte. (b) A red fluorescence image of Rhod 2 was then collected during electrical
stimulation at 1 Hz. Laser excitation was attenuated in b, so that none of the pixels were saturated (gray level less than 255). The Rhod 2 image so obtained
showed heterogeneous punctate fluorescence that did not correspond to the Rhodamine 123-labeled mitochondria in a. Moreover, no fluorescence banding
occurred as a consequence of electrical stimulation. (c) The myocyte was imaged again at 100 times more excitation energy, but without electrical
stimulation. At a 100-fold greater excitation energy, fluorescence arising from lysosomes was now saturated, and a mitochondrial pattern of fluorescence
emerged as a background to the original lysosomal pattern. (d) An identical image was collected, except during electrical stimulation at 1 Hz. In this last
image, the background mitochondrial fluorescence showed horizontal banding that indicated Ca2� transients.

FIGURE 8 Plot analysis of Rhod 2 fluorescence transients at low and high excitation energy. Plot analyses were performed on the selected area outlined
in yellow in Fig. 7. In each plot, the average pixel intensity in arbitrary units (a.u.) for each row of pixels in the x direction was plotted against the scan
time calculated from y axis position. The left, middle, and right panels were taken from Fig. 7 b (1� excitation energy with stimulation), Fig. 7 c (100�
excitation energy without stimulation), and Fig. 7 d (100� excitation energy with stimulation), respectively. Note the absence of regular transients in the
left and middle panels, whereas repeating transients at 1 Hz are evident in the right panel (arrows).
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both the presence and absence of the �-adrenergic agonist
isoproterenol (Chacon et al., 1996; Ohata et al., 1998).
Isoproterenol increases the rate of rise, the rate of recovery,
and the amplitude of mitochondrial Ca2� transients. Be-
cause hearts at high rates of work are generally under
adrenergic stimulation and several earlier studies by others
used adrenergic stimulation, we always used isoproterenol
in the experiments reported in the present study.

Mechanisms of rapid mitochondrial Ca2� uptake
during the contractile cycle

A recently described rapid mode for mitochondrial Ca2� up-
take may also contribute to the mitochondrial Ca2� transients
observed during the contractile cycle (Sparagna et al., 1995;
Gunter et al., 1998). In response to micromolar pulses of Ca2�,
the rapid uptake mode catalyzes an initial rate of mitochondrial
Ca2� uptake that is two to six times greater than steady-state
mitochondrial uptake, but which quickly resets to the slower
rate. Ruthenium red inhibits and spermine, ATP, and GTP
activate the rapid mode of Ca2� uptake. In situ, the repetitive
turning on and off of the rapid mode of Ca2� uptake in
response to cytosolic Ca2� transients may be responsible for
generating and sharpening the mitochondrial Ca2� transients.

Ca2� released from the endoplasmic reticulum may also
be preferentially accumulated by mitochondria because of
the close anatomical relationship between the two or-
ganelles, as suggested for mitochondrial Ca2� uptake after
IP3-induced Ca2� mobilization in HeLa cells expressing
aequorin in mitochondria (Rizzuto et al., 1993, 1998). Mi-
tochondria and endoplasmic reticulum are closely adjacent
in cells (Rizzuto et al., 1998; Mannella et al., 1998). In
cardiac myocytes, Ca2� released from the sarcoplasmic
reticulum may be disproportionately accumulated by mito-
chondria because of relatively increased local Ca2� concen-
trations in the vicinity of mitochondria. Similarly, preferen-
tial Ca2� uptake may be promoted by the physical
proximity of mitochondria to the sarcolemma (Gallitelli et
al., 1999) or the t-tubules. Our data, however, indicate that
the hypothesized preferential pathway from Ca2�-releasing
organelles, such as the sarcoplasmic reticulum, sarcolemma,
and t-tubule, to the mitochondrial matrix space still involves
the ruthenium red-sensitive mitochondrial Ca2� uniporter.

Impact of lysosomal loading of Ca2�-indicating
fluorophores on measurements of mitochondrial
Ca2� transients by confocal microscopy versus
microfluorometry

Although lysosomes were small in size and number com-
pared to mitochondria, they accounted for the majority of
noncytosolic fluorescence from myocytes after ester load-
ing. Prominent lysosomal localization occurred after both
warm and cold ester loading, even under the conditions of

warm loading that prevented mitochondrial dye uptake
(compare Figs. 3 a and 5 a� with Figs. 1 a, 5 a, 6, and 7 b;
see also Chacon et al., 1994, 1996; Trollinger et al., 1997;
Ohata et al., 1998). Consequently, when cytosolic fluores-
cence was selectively depleted after ester loading of Ca2�-
indicating fluorophores by warm incubation, total cellular
fluorescence reported a predominantly lysosomal/endoso-
mal signal. Ratiometric determinations under such circum-
stances do not eliminate the lysosomal contribution to the
total fluorometric signal. These findings underscore the
necessity for imaging techniques that distinguish mitochon-
dria from other organelles in the study of mitochondrial
Ca2� fluxes in intact myocytes during the contractile cycle.

Previously we suggested that species differences might
explain differences between observations by confocal mi-
croscopy that show mitochondrial Ca2� transients in rabbit
myocytes (Chacon et al., 1996; Trollinger et al., 1997;
Ohata et al., 1998) and observations from microfluorometry
that do not show these transients in myocytes from some
other species, such as rat (Miyata et al., 1991; Di Lisa et al.,
1993; Griffiths et al., 1997). Here we show, however, that
rabbit myocytes do not differ from the rat myocytes of
previous studies, because transients of total cellular fluores-
cence of Ca2�-indicating fluorophores loaded into the non-
cytosolic compartment were not observed in rabbit myo-
cytes (Figs. 7 and 8). In contrast, confocal imaging of
individual mitochondria did reveal transients in rabbit myo-
cytes. Thus differing methodologies applied to the same
myocyte in the same experiment led to apparently different
outcomes. Lysosomal loading accounted for the discrep-
ancy, because the majority of noncytosolic fluorescence
after ester loading of Ca2�-indicating fluorophores into
rabbit myocytes arose from the lysosomal/endosomal com-
partment. Mitochondria loaded to a much smaller extent.
Only confocal imaging could distinguish the relatively
weak mitochondrial fluorescence from the bright lysosomal
fluorescence.

In general, lysosomal accumulation of ester-loaded flu-
orophores will depend on many factors, including loading
temperature, ester concentration, the particular fluorophore
used, the culture conditions, and the cell type and species of
origin. One recent study utilizing microfluorometry de-
scribes transients during electrical pacing of the noncytoso-
lic fluorescence of the Ca2� indicator Indo-1 in guinea pig
cardiac myocytes but not in rat myocytes (Griffiths, 1999).
However, in this and earlier studies utilizing microfluorom-
etry, the contribution of lysosomes to noncytosolic fluores-
cence was not assessed. When total noncytosolic fluores-
cence was measured in the present study, rabbit cardiac
myocytes behaved identically to the rat cardiac myocytes of
earlier work. Only by confocal imaging could the obscuring
effect of lysosomal loading be circumvented and mitochon-
drial Ca2� transients revealed. If myocytes from rat and
rabbit are indeed different in their mitochondrial Ca2� han-
dling, then they must also be opposite in their lysosomal
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uptake of ester-loaded Ca2� indicators. Future studies will
be needed to better assess these possible species differences.

Mitochondrial Ca2� and myocardial metabolism

Myocardium exquisitely matches its ATP production to its
ATP demand (Achterberg, 1988; Taegtmeyer, 1988). Mito-
chondrial free Ca2� may be one factor that helps match
mitochondrial energy production to myocardial energy de-
mand (McCormack and Denton, 1979; Williamson and
Cooper, 1980; Hansford, 1981; Moreno-Sanchez, 1985a,b;
Halestrap, 1987). Our work presented here demonstrates
that changes in mitochondrial free Ca2� mediated by uptake
through the ruthenium red-sensitive mitochondrial uniporter
are kinetically competent to contribute to the close temporal
matching of energy supply to energy demand in heart tissue.
However, future experiments will be needed to determine
whether suppression of mitochondrial Ca2� transients com-
promises the mitochondrial ATP supply required for con-
tractile function. In conclusion, our findings add to the
increasing body of evidence in a variety of cell types that
mitochondrial free Ca2� responds rapidly to physiological
signals potentially to exert control over mitochondrial me-
tabolism (Wendt-Gallitelli and Isenberg, 1991; Rizzuto et
al., 1992, 1993, 1998; Isenberg et al., 1993; Hajnoczky et
al., 1995; Chacon et al., 1996; Jou et al., 1996; Trollinger et
al., 1997; Bowser et al., 1998; Ohata et al., 1998; Robb-
Gaspers et al., 1998; Gallitelli et al., 1999).
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