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ABSTRACT Patients with several inherited human en-
cephalomyopathies exhibit systemic and neurological symp-
toms in association with specific mitochondrial mutations.
The mechanisms by which these mitochondrial mutations
result in cellular injury have not been elucidated. One poten-
tial cause of neuronal vulnerability is an inability to effectively
buffer intracellular calcium. We report that fibroblasts from
patients with one specific inherited encephalomyopathy,
MELAS (mitochondrial encephalomyopathy, lactic acidosis,
and stroke-like episodes) syndrome, have elevated levels of
ionized calcium and cannot normally sequester calcium in-
fluxes. Quantitative fluorescence imaging demonstrated that
this abnormality was associated with a relative decrease in
mitochondrial membrane potential compared to control fi-
broblasts. This documentation of pathological calcium ho-
meostasis in a genetic neurological disease extends the cal-
cium hypothesis of toxic cell injury to human mitochondrial
encephalomyopathies.

Several inherited human neurological diseases result from
mitochondrial or nuclear genomic mutations that affect mito-
chondrial function (1-6). Impaired ATP production is an
obvious candidate for the cellular dysfunction in these disor-
ders, but we sought to determine a more specific link between
mitochondrial defects and cellular injury. There is compelling
evidence linking elevated intracellular Ca2+ (Caj2) to toxic
cell damage (7-9). We examined Caj2 and the mitochondrial
energy state in cultured fibroblasts obtained from control
patients and patients with MELAS (mitochondrial encepha-
lomyopathy, lactic acidosis, and stroke-like episodes) syn-
drome (ref. 10; Table 1). This syndrome usually results from
identifiable point mutations at nt 3243 or 3271 in the mito-
chondrial gene coding for a leucine tRNA (10-14). Patients
with this disease exhibit posterior brain lesions, lactic acidosis,
ragged red fibers, seizures, headache, vomiting, and dementia
(2, 10-14). We anticipated that the disturbed cellular physi-
ology responsible for these symptoms might be reflected in
fibroblasts from affected patients.

MATERIALS AND METHODS
Cell Culture. Human fibroblasts were grown on glass cov-

erslips and incubated in minimum essential medium (GIBCO)
supplemented with 2 mM glutamine and 10% (vol/vol)
NuSerum (Collaborative Research). Two to four sister dishes
were used per passage and a minimum of two passages per
patient were analyzed. No differences in calcium responses
were noted between earlier and later passages. Mitochondrial
DNA (mtDNA) analysis was done as described (10, 11).
Analysis of fibroblast cultures in the MELAS group identified

Table 1. Ca?' levels and mitochondrial polarization in MELAS
and control fibroblasts

Age, Baseline % energized
Patient years Sex Ca2+, nM mitochondria

MELAS syndrome
Ml 0.6 M 164.6 ± 44.9 9.6 ± 11.9
M2 15.4 F 141.8 ± 35.6 10.2 ± 11.3
M3 19.3 M 127.4 ± 45.9 3.9 ± 5.6
M4 24 F 133.2 ± 49.7 10.5 ± 10.2
M5 16 M 149.4 ± 82.1 10.6 ± 8.8

Control
Cl 0 M 70.4 ± 7.2 45.8 ± 14.8
C2 0.75 F 76.6 ± 13.8 17.0 ± 9.2
C3 3.25 F 76.3 ± 24.5 19.1 ± 13.2
C4 20 M 77.3 ± 11.9 22.8 ± 16.4
C5 24 M 68.6 ± 7.1 24.9 ± 22.9
C6 25 F 96.4 ± 10.1 12.3 ± 11.4
C7 30 F 71.6 ± 13.3 22.3 ± 15.6
C8 45.4 F 92.0 ± 17.0 27.9 ± 18.0
C9 10.3 F 74.4 ± 20.0 16.8 ± 11.1
C1o Adult* - 85.2 + 19.3 17.0 ± 11.8
C1l Adult* M 61.2 ± 25.8 NT
C12 Adult* M 79.1 ± 19.2 11.9 ± 15.3
C13 Adult* M 62.6 ± 14.7 NT
C14 0.08 F 71.9 ± 14.8 18.9 ± 9.5

K-S syndrome
Kl 10.5 M 83.8 ± 31.1 NT
K2 12.3 M 86.6 ± 36.9 NT
K3 15.8 M 85.7 ± 33.8 NT
K4 25 M 77.9 ± 27.9 NT

Percent energized mitochondria represents the fraction of mito-
chondrial pixels in which the ratio of the 590/527-nm JC-1 fluores-
cence is 21. Age and sex (M, male; F, female) were equally repre-
sented between control and MELAS groups. Within patient groups,
no correlation was found between calcium values or mitochondrial
potential and age or sex. Data are the mean ± SD. NT, not tested.
*Exact age at time of biopsy unknown.

single point mutations at nt 3243 (patients M1-M3 in Table 1),
nt 3271 (patient M4), and nt 8344 (patient M5, phenotypic for
MELAS syndrome). The percentages of mutant mtDNA in
these fibroblasts were as follows: Ml, 71%; M2, not tested in
fibroblasts but 64% in muscle; M3, 46%; M4, 67%; M5, 61%
(10, 11). Southern blot analysis in the Kearns-Sayre (K-S)
group identified no mtDNA deletion in patients Ki and K3
and 18% and 12% mutant mtDNA in patients K2 and K4,
respectively (15).
ATP Analysis. ATP levels were assayed as described (16,

17).

Abbreviations: MELAS, mitochondrial encephalomyopathy, lactic
acidosis, and stroke-like episodes; Ca7', intracellular Ca2+; K-S,
Kearns-Sayre; PMT, photomultiplier tube.
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Calcium Imaging. Cultures were incubated for 45 min at
35°C with 5 ,M fura-2/AM (Molecular Probes) and imaged
with a silicon-intensified target (SIT) or an intensified charge-
coupled device (ICCD) camera through a 1.3 numerical
aperture X40 oil fluorescence objective (Nikon) (18). The
mean calcium value (Table 1) for a given patient consisted of
data obtained from 50-100 cells (from 14 control, 5 MELAS,
and 4 K-S patients).

Mitochondrial Imaging. Fibroblast mitochondria were la-
beled with 500 nM 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethyl-
benzimidazolocarbocyanine (JC-1, Molecular Probes) (19,
20). Images were obtained at an excitation wavelength of 488
nm with a confocal laser-scanning microscope (Noran Odyssey
with a Nikon Diaphot and a 5-mW argon laser) equipped with
two photomultiplier tubes (PMTs). The optical train consisted
of a 1.4 numerical aperture X60 oil objective, a 515-nm long
pass barrier filter, a 50-,um confocal slit, and a 560-nm
beam-splitting dichroic mirror that directed wavelengths >560
nm to PMT-1 (590 nm, emission) and <560 nm to PMT-2 (527
nm, emission). Secondary 565- to 615-nm and 520- to 560-nm
band pass barrier filters were placed before PMT-1 and
PMT-2, respectively, to reduce cross-contamination of emis-
sion light. Images were acquired from randomly selected fields
of nonconfluent cells. Background images were obtained from
a cell-free section of the coverslip. A ratio image was generated
by dividing the 590-nm image by the 527-nm image (see Fig.
3). Control and MELAS fibroblasts have indistinguishable
527-nm emissions, indicating that MELAS mitochondria main-
tain sufficient polarization to load JC-1 (see Fig. 3B). A mask
of the 527-nm emission was applied to the ratio image to
eliminate nonmitochondrial features (see Fig. 3). While our
method does not give a mitochondrial potential, it offers the

powerful advantage of normalization provided by ratiometric
techniques. Loew et al. (21) have described in situ measure-
ment of mitochondrial potential, but their method is unsuit-
able for our preparation.

Cell Potential Recordings. Membrane potential was mea-
sured with 4 M KCl-filled microelectrodes (30-40 Mfl).

RESULTS
MELAS fibroblasts had significantly elevated baseline Ca2+,
compared to control (Table 1 and Figs. 1 and 2). CaO+ levels
in controls were identical to values from other laboratories (22,
23). K-S fibroblasts provided another control for baseline
Ca2+ (2-4, 6, 15). Despite the severity of this disease, K-S
fibroblasts express very few mtDNA deletions in vitro, and
Ca2+ levels were not elevated (Table 1 and Fig. 24). Regres-
sion analysis of all evaluable patients showed no correlation
between age or sex and baseline Ca?+ measurements (P = 0.79
and 0.40, for age and sex, respectively; t test). The mitochon-
drial inhibitor 3-nitropropionic acid (1 mM) elevated baseline
Ca?+ in control cultures from 79.2 ± 2.6 to 108.3 ± 5.8 nM (P
< 0.001), resembling baseline Ca2 observed in MELAS
fibroblasts. Interestingly, 3-nitropropionic acid (1 mM, 18 h)
was not toxic to either MELAS or control fibroblasts (<0.02%
cell death by trypan blue).
When depolarized with 60 mM potassium, Ca?' in control

cells increased transiently and then returned to baseline within
3-5 min, even in the continued presence of elevated K+ (Figs.
LA and 2B). Identical treatment of MELAS fibroblasts caused
sustained elevations in CaO+ levels (Figs. 1B and 2). Eighty-two
of the 520 MELAS fibroblasts examined maintained CaO+ at
>2 SD above baseline after a 20-min exposure to elevated

FIG. 1. Fura-2 ratio images of fibroblast Ca7' during potassium-induced depolarization. Images are of control (A) and MELAS (B) fibroblasts,
showing baseline Ca7' (Left) and Ca7' after -2 (Center) and 13 (Right) min of continuous depolarization with 60 mM potassium. Color scale
indicates 340/380-nm ratio value. (Bar = 10 ,um.)

Proc. NatL Acad ScL USA 92 (1995)



Proc. NatL Acad. ScL USA 92 (1995) 731

250

"-
.1

210

A

200

150-

100 - ns

0
Control MELAS

LullBaseline
Peak
Final

170

Ia
130 L

90"

50
-400 -200 0 200 400 600 800 1000

Time (s)

FIG. 2. Altered calcium homeostasis in MELAS fibroblasts. (A) Baseline CaO+ in MELAS fibroblasts (n = 5) is significantly elevated above
levels in controls (n = 14). K-S fibroblasts (n = 4) have baseline Ca2+ indistinguishable from controls. The final Cag' level was elevated only in
MELAS fibroblasts. Bars represent the mean ± SEM. ns, Not significant; *, P < 0.05; **, P < 0.01 vs. controls by Mann-Whitney test. (B) Cag'
responses to K+-induced depolarization in individual control and MELAS fibroblasts.

potassium, compared to 0 of 584 control fibroblasts (P < 0.001
by x2 test). Prolonged exposure (24 h) to elevated potassium
did not result in cell death in either control or MELAS
fibroblasts (data not shown).
One explanation for elevated Ca2+ levels in the MELAS

fibroblasts was that low ATP levels might impair Ca2+ extru-
sion and sequestration. We assayed ATP levels to determine
whether mitochondrial impairment decreased ATP concen-
trations. ATP in controls was 136 ± 56 ,Lmol of ATP per g of
total protein (n = 6) compared to 152 ± 46 in MELAS (n =
3) (not significant, P > 0.6). Both these values are close to
other reports for human fibroblasts (24-26).

By using intracellular recording, the resting potential of
control fibroblasts was -49.2 ± 4.8 mV (n = 23) compared to
-48.1 ± 3.8 mV (n = 19) for the MELAS fibroblasts (P > 0.4),
making it unlikely that voltage-sensitive calcium channels, and
therefore calcium entry, are different between control and
MELAS cells at rest. In addition, the magnitude of calcium
elevation after depolarization was similar in both control and
MELAS cells (Fig. 2B), even though the resting calcium levels
in MELAS fibroblasts were elevated above control baseline.
This suggests that calcium influx through voltage-sensitive
calcium channels was not different in control and MELAS
fibroblasts.

FIG. 3. Confocal micrographs of mitochondria in fibroblasts from control and MELAS patients, visualized with the ratiometric dye JC-1.
Representative age- and sex-matched control (A) and MELAS (B) fibroblasts are shown. (Left) Potential-sensitive 590-nm emission. (Center) The
527-nm emission. (Right) Ratio of the 590/527-nm image. A binary mask of the 527-nm image was applied to the ratio to eliminate all
nonmitochondrial features. Color scale indicates 590/527-nm ratio value. (Bar = 10 ,um.)
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An abnormally low mitochondrial membrane potential (nor-
mally, -180 mV) could diminish CaO+ uptake through the
mitochondrial calcium uniport and impair Ca2+ sequestration
by MELAS mitochondria. Therefore, we measured membrane
potential of individual mitochondria in intact fibroblasts by
using confocal microscopy and the dual emission dye JC-1 (19,
20). JC-1 selectively labels mitochondria and reports mito-
chondrial membrane potential as a function of dye aggregation
state. JC-1 is maximally excited at 490 nm and emits at 527 and
590 nm. The fluorescence intensity of the 527-nm emission is
insensitive to changes in mitochondrial potential, whereas the
590-nm emission linearly increases as a function of mitochon-
drial potential, due to micellar dye aggregation (Fig. 3 Left and
Center) (19). Other investigators have used the dye as a
measure of mitochondrial potential in flow cytometry exper-
iments (27). We have developed a semiquantitative measure-
ment of mitochondrial membrane potential in situ by using the
ratio of 590/527-nm emission (Fig. 3 Right) and confirmed that
several mitochondrial inhibitors or uncouplers (1 AM rotenone,
1 ,uM antimycin, or 1 ,LM carbonylcyanide p-trifluoromethoxy-
phenylhydrazone) reduce the JC-1 ratio in control fibroblasts
(data not shown).

Mitochondrial membrane potentials were compared by us-
ing JC-1 ratio imaging. The entire data set (>5 x 106 pixels)
of 590/527-nm ratio values from control and MELAS mito-
chondria revealed a distribution clearly skewed toward higher
ratios in controls (Fig. 4). Ratio values .1 were quantitated to
provide a measure of regions with J-aggregate formation,
indicating "energized" mitochondria. By using this arbitrary
division, -22% of control mitochondria, as a population, are
"energized," whereas only 11% of MELAS mitochondria are
similarly energized (Fig. 4, see dotted lines). When the data
were analyzed by patient, '20% of the mitochondrial area of
control fibroblasts was energized, but <10% of the area of
MELAS mitochondria was similarly energized (Table 1 and
Fig. 4 Inset). Although the initial definition of ratio values 21
is an arbitrary division of quiescent and energized mitochon-
drial membrane potential, the final histogram distribution

r-

S 11

IL 9

1
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FIG. 4. Analysis of mitochondrial membrane potential in MELAS
and control fibroblasts stained with JC-1. Histogram of the entire data
set is skewed toward a lower ratio for the MELAS mitochondria. The
cumulative total is plotted above each bin for both data sets. When an
arbitrary ratio value of 1 is used to distinguish quiescent (<1) and
energized (.1) mitochondria, >89% of MELAS mitochondria, as a
population, are quiescent, compared to 78% of control mitochondria
(see dotted lines). (Inset) An alternative method of analysis uses the
same data set but segregates the data by individual patient instead of
pooling all pixels (see Table 1). When the two groups are compared
in this way, the percent energized mitochondria (ratio 21) is still twice
as high in the control group. Bars represent the mean ± SEM and n

is the number of patients. **, P = 0.002 by Mann-Whitney test.

reveals that for every ratio value >0.5, the representation of
control mitochondria exceeds that of MELAS mitochondria
(Fig. 4).

Qualitative examination of the JC-1 images is consistent
with these observations. There are many J-aggregates with
intense 590-nm fluorescence in mitochondria from control
fibroblasts, but such J-aggregates are nearly absent from
MELAS cells (Fig. 3 Left). Regression analysis of control
patients listed in Table 1 showed no correlation between
mitochondrial membrane potential, as measured by this
method, and patient age or sex (P = 0.24 and 0.40, for age and
sex, respectively; t test for variances).
There were abnormal mitochondria (swollen and spherical

appearance) in fibroblasts from all five MELAS patients (88
of 223 fields, 1-3 cells per field). Very few morphological
abnormalities were present in fibroblasts from 12 control
patients (12 of 310 image fields; P < 0.0001 by x2). This
observation confirms findings of other laboratories (28, 29).
Interestingly, these abnormal mitochondria always had low
JC-1 ratio values (<1).

DISCUSSION
Fibroblasts cultured from patients with MELAS demonstrated
sustained abnormalities of calcium homeostasis and mitochon-
drial membrane potential. While the experimental manipula-
tions employed in this study to increase cytosolic calcium were
not toxic to either control or MELAS fibroblasts, we postulate
that even modest Ca2+ elevation, persisting over months or
years, could lead to cell injury or death. The cells most
vulnerable to calcium-dependent injury would be those that
are electrically active, the neurons and muscle cells that
experience large calcium influxes during synaptically mediated
depolarizations. These are the cells most often affected in
MELAS patients (2-6, 10-15). Additionally, mitochondrial
compromise may sensitize vulnerable cells to other insults,
such as glutamate-induced neurotoxicity. This may account for
the neuroprotective effects of glutamate antagonists in some
animal models in which mitochondrial toxins produce selective
striatal injury (30-33). Dykens (34) recently proposed in-
creased free radical production by mitochondria in the pres-
ence of exogenous calcium. Elevated Cad+ levels, if present in
the muscle and neuronal cells of MELAS patients, may
exacerbate oxidative injury and contribute to the manifesta-
tion of mitochondrial encephalomyopathy.
There was some variability in baseline values and in CaO+

responses to depolarization. The sustained Cag' increases
were not seen uniformly in all cells from cultures with mito-
chondrial defects, presumably due to the heteroplasmic nature
of mtDNA (2). Additionally, a threshold, possibly exceeding
90% of mutant mtDNA, may be required for the development
of clinical symptoms (35). The observed CaO+ variations may
be the cellular concomitant of these effects.

JC-1 reveals heterogeneities in mitochondrial membrane
potential, results that confirm observations by Smiley et al.
(20). Although the underlying biophysical basis of J-aggregate
formation is not fully understood, we find significantly reduced
amounts of J-aggregates in MELAS fibroblasts (Figs. 3 and 4).
In addition, we have observed abnormal mitochondrial mor-
phology in MELAS fibroblasts, confirming previous studies
(28, 29). The most commonly observed abnormality was
swollen spherical mitochondria with low (<1) JC-1 ratio
values. This may be indicative of individual mitochondria
containing high amounts of mutant mtDNA, which in turn
correspond to relatively depolarized transmembrane poten-
tials. The observed reduction of J-aggregates in the MELAS
fibroblasts may indicate a decreased electrochemical gradient
for CaO+ across the mitochondrial membrane resulting in
diminished calcium buffering by the mitochondrion in these
cells. There is already experimental verification that mitochon-
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dria contribute to cytosolic calcium homeostasis in many cell
types (36-39).
Our observations do not precisely show how the primary

genetic defect in MELAS translates into abnormal mitochondrial
polarization. A reasonable hypothesis is that the tRNA mutation
results in functionally defective mitochondria that are unable to
sustain normal mitochondrial membrane resting potential. In any
case, these results provide clear documentation of an abnormality
of Cai2 homeostasis in a human encephalomyopathy and may
have relevance to an "impaired energy" hypothesis (1, 30-33) in
human neurodegenerative diseases.
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