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drial tRNALys gene, defects occur in protein synthesis
The complete mechanism by which pathogenic mtDNA (10, 11), in respiration (12-14), and in membrane po-

mutations cause cellular pathophysiology and in some tential (8).
cases cell death is unclear. Oxidant stress is especially In cells from individuals with LHON (Leber’s Heredi-
toxic to excitable nerve and muscle cells, cells that are tary Optic Neuropathy) a deficiency in oxygen consum-often affected in mitochondrial disease. The sensitiv- pation and in complex I activity have been describedity of cells bearing the LHON, MELAS, and MERRF

(15-17).mutations to oxidant stress was determined. All were
However, exactly why these mutations preferentiallysignificantly more sensitive to H2O2 exposure than

affect excitable tissue, and the complete mechanism oftheir nonmutant cybrid controls, the order of sensitiv-
cellular pathophysiology, and in some cases cell deathity was MELAS ú LHON ú MERRF ú controls. Deple-
caused by the mutation, has yet to be determined.tion of Ca2/ from the medium protected all cell lines

Disruption of Ca2/ homeostasis is thought to be afrom oxidant stress, consistent with the hypothesis
major mechanism of toxicity in excitable nerve andthat death induced by oxidant stress is Ca2/-depen-
muscle tissue (18-24). Several neurotoxic compoundsdent. A potential downstream target of Ca2/ is the mi-
(e.g. glutamate, pro-oxidants, carbon tetrachloride,tochondrial permeability transition, MPT, which is in-

hibited by cyclosporin A. Treatment of MELAS, LHON, lead, and mercury) induce a rise in intracellular Ca2/in
and MERRF cells with cyclosporin A caused signifi- the course of inducing cell death (24, 25).
cant rescue from oxidant exposure, and in each case Reactive Oxygen Species (ROS) are potent inducers
significantly greater rescue of mutant than control cell death, which is usually preceded by a rise in intra-
cells. The pronounced oxidant-sensitivity of mutant cellular Ca2/(24). ROS have been implicated in the
cells, and their protection by Ca2/ depletion and CsA, pathophysiology of several neurological diseases, in-
has potential implications for both the pathophysio- cluding ALS, Parkinson’s disease, and Alzheimer’s dis-
logical mechanism and therapy of these mitochondrial ease (19-21, 26-29).
genetic diseases. q 1997 Academic Press Given the implication of oxidants and Ca2/ in the

pathophysiology of other neurological diseases, we won-
dered if the mutations responsible for the mitochondrialPathogenic mutations of the mitochondrial DNA
diseases MELAS, LHON, and MERRF would confer sen-(mtDNA) have been demonstrated to cause several en-
sitivity to oxidant stress, and if so, how modulation ofcephalomyopathies (1-3). In many cases, one or more
that stress might protect cells from death. The experi-biochemical defects has been identified.
mental model we have chosen is cellular transmitochon-For example, in MELAS (Myoclonic Epilepsy with
drial cell lines, which allow the comparison of mitochon-Lactic Acidosis and Stroke) that results from a muta-
drial genetic contribution to cellular phenotype in thetion in the mitochondrial tRNALeu gene, defects have
absence of nuclear genetic variation (30).been described in protein synthesis (4, 5); electron

transport (6, 7); mitochondrial membrane potential (8,
METHODS AND MATERIALS9); and calcium sequestration (9).

In MERRF (Myoclonic Epilepsy with Ragged Red
Cell lines and media. Cell cybrid pairs, which contained 100%Fibers) that results from mutations at the mitochon-

mutant and 100% normal mtDNA, produced from cells with identical
nuclear DNA, were used in all studies, produced as in King and
Attardi, 1989 (30). The MERRF (pT1) and LHON (Le1.3.1) cell lines1 Address correspondence to Dr. Gino Cortopassi. Fax: (916) 754-

9342. E-mail: gacortopassi@ucdavis.edu. and their parental cell line, 143B, were generous gifts from Drs.
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Giuseppe Attardi and Anne Chomyn (Caltech, Pasadena, CA), who Ca2/ Depletion Protects Cells from Oxidant-Induced
produced and characterized (31) the MERRF and LHON transmito- Deathchondrial cell lines. The MELAS (Da12B) cell line and its parental
cell line, Da1B, were kindly provided by Dr. Eric Shoubridge (McGill

If H2O2 exerts its toxicity by inducing a rise in toxicUniversity, Canada). The MERRF cell line carries the mtDNA muta-
intracellular Ca2/ (25), then depletion of Ca2/ wouldtion at nucleotide (nt) 8344, and the LHON cell line possess the

mtDNA mutation at nt 11778. The MELAS cell line has the mtDNA be expected to protect cells from oxidant-induced death.
mutation at nt 3243. Production of these cell lines are described Mutant and control cells were grown in Ca2/-free media
elsewhere; MERRF (31), LHON (15); and MELAS (32). The cells 24 hours prior to receiving H2O2. The cells were givenwere grown in Dulbecco modified Eagle medium (DMEM) (Life Tech-

fresh (Ca2/-free) media before the addition of H2O2. Allnologies, Gaithersberg, MD), supplemented with 10% fetal bovine
cells were significantly protected from oxidative stressserum (FBS), 50 mg/ml uridine and 1mM sodium pyruvate.
under Ca2/-depleted conditions (Figure 2).DNA mutational analysis. The presence of the mtDNA mutations

Both control lines, 143B, and Da1B, were signifi-was confirmed by the polymerase chain reaction (PCR) and sequenc-
ing of the PCR products. Proteinase K digestion was used to isolate cantly protected from H2O2 stress by Ca2/ depletion
DNA from 1 1 106 cells. To amplify the MERRF mutation, primers (Figure 2A and B). Ca2/ depletion caused striking pro-
were designed at nt 8220-8247 and nt 8592-8616. Thirty cycles were tection of 143B cells from oxidant stress. For exampleused to amplify the 396 bp product using the following conditions:

at 750mM H2O2, Ca2/-depleted 143B cells had 100%denaturation 957C, annealing 607C and extension 727C for one mi-
survival, compared to 19% survival at this dose in Ca2/-nute each. The LHON mutation was amplified using primers at nt

11429-11448 and nt 11910-11929. Primers designed at nt 3072-3095 rich medium. Da1B cells were also protected from oxi-
and nt 3516-3536 were used to amplify the MELAS mutation. The dant stress by Ca2/ depletion, but less so than 143B;
PCR conditions to amplfy the MELAS and LHON mutations were the maximal difference in protection observed at anythe same as described above, except annealing was performed at

particular dose was 22% at 500 mM H2O2; protections527C. The PCR products were sequenced on an Applied Biosystems
automated DNA sequencer and the mutations were confirmed by were significant for both control cell lines, p õ 0.0001
reading the sequence in the forward and reverse directions. (2-way ANOVA).

Depletion of Ca2/ from medium also significantly pro-Viability assays. Cells were grown in 6-well Falcon plates to near
confluence and treated as follows: cells received hydrogen peroxide tected LHON, MERRF, and MELAS cells from oxidant
(H2O2), 50-750 mM, made fresh daily, and were exposed for 6 hours. stress, but less so than their parental control lines.
Cells receiving 1 mM cyclosporin A (Sandimmune) were pre-treated LHON and MERRF cells were most protected from oxi-with the drug for 30 minutes before the addition of H2O2. Cells used

dant stress by Ca2/ depletion (p õ 0.0001, 2-wayin the calcium-free (Ca2/-free) experiments were grown in Ca2/-free
media (DMEM, calcium-free, supplemented with uridine, FBS and ANOVA), and the major contributor was protection in
sodium pyruvate) 24 hours prior to use. The cells were given fresh the doses 100 and 500 mM H2O2 for LHON and at 50-
Ca2/-free media before the addition of H2O2 and/or CsA. After 6 500 mM H2O2 for MERRF cells. MELAS cells were the
hours, the cells were harvested by brief exposure to trypsin-EDTA

least protected by Ca2/ depletion, and the ANOVA pand resuspended in PBS. To derive survival data, 3-20 replicates at
value was marginal (p õ 0.05); also considered on aeach dose were carried out, and 150 cells of the 100,000 on the dish

were scored as either alive or dead by trypan blue exclusion. dose-by-dose basis there was no statistically significant
protection at any particular dose (e.g. p Å 0.06-0.96).Statistical analysis. Student’s t-test was used to determine sig-

nificance of survival data at individual data points. Two-way ANOVA The reduced protection of MELAS cells by Ca2/ deple-
(i.e. mutant vs. control) was used to analyse variation in survival tion likely reflects the different parentage of the cell
data wholistically, i.e. at all 5 doses in aggregate. lines, in that Ca2/ depletion protected 143B cells (pa-

rental lines of LHON and MERRF) more than Da1B.
RESULTS In every case, depletion of Ca2/ protected mutant cells

less than their parental controls from oxidant stress.
LHON, MERRF, and MELAS Are Sensitive to H2O2

A wide range of H2O2 doses and cell survival times Protection of LHON, MERRF, and MELAS
was surveyed, and a dose range of 0 to 750 mM for six Transmitochondrial Cell Lines from H2O2 Induced
hours was determined to give a large change in cell via- Death by Cyclosporin A
bility. Paired dose-response curves for mutant vs. control
cell lines appear in Figure 1. MELAS, LHON, and Given that oxidants often induce a toxic rise in intra-

cellular Ca2/, and that Ca2/ depletion protected bothMERRF mutant cells were significantly more sensitive
to H2O2 than their non-mutant parental cell, p õ 0.001 the control and mutant cells from oxidant-induced

death, we searched for a potential downstream Ca2/-for each (2-way ANOVA). The maximum difference in
sensitivity at any particular dose assayed was 29% at inducible target. The Mitochondrial Permeability

Transition (MPT) is induced by Ca2/ and other agents250 mM H2O2 for MELAS cells, 19% in LHON cells at
100 mM H2O2, and 6% at 100 mM for MERRF cells. Sig- (reviewed in ref. 33), and is inhibitable by CsA,

Cyclosporin A (34-37). The MPT has been inferred tonificant differences between mutant and control cells at
each dose were determined by the Student’s t-test. The be important in the control of cell death (38-43), and

we (44) and others (45) have recently demonstratedrelative rank order of oxidant sensitivity of cells to oxi-
dant stress was MELASú LHONúMERRFú control. that conditions which trigger MPT also cause release
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FIG. 1. Sensitivity of cells bearing mitochondrial DNA mutations exposed to hydrogen peroxide (H2O2). Cells were exposed to increasing
concentrations of H2O2 for 6 hours, after which the cells were harvested and viability of live cells was determined by the trypan blue
exclusion assay. The MELAS cybrid is shown in comparison to its parental cell line, Da1B, in A. Transmitochondrial cell lines derived from
patients with LHON or MERRF are compared to their parental cell line, 143B, in B and C, respectively. The open squares represent
controls, the filled squares represent mutant cells. Significance levels at individual doses are represented by asterisks, * Å p õ 0.05, **p
õ 0.005, ***p õ 0.001, and ****põ 0.0001. The deviation of the overall survival of mutants vs. controls by two-way ANOVA was significant,
p õ 0.001. Means of 20 independent experiments are shown, and bars represent two standard errors of the mean.

of the apoptotic factor, cytochrome c, and that CsA in- MELAS, LHON, and MERRF cells death induced by
oxidant stress.hibits release of cytochrome c from mitochondria (44).

Thus we determined whether CsA had a protective ef- Cells bearing pathogenic mtDNA mutations are sen-
fect on H2O2-mediated death in mutant and control sitized to oxidant stress. Since the nuclear DNA of
cells (Figure. 3). One mM cyclosporin A significantly transmitochondrial cell lines bearing mutant mtDNA
rescued MELAS, LHON, MERRF and control cells from is of identical origin as those bearing normal mtDNAs,
H2O2-mediated death, p õ 0.0001 (2-way ANOVA). all pathophysiological differences observed between

Perhaps more interestingly, CsA protected mutant mutant and control cells are attributable ultimately to
MELAS, LHON, and MERRF cells significantly more differences in mtDNA. All three pathogenic mtDNA
than their parental controls (põ0.001, 2-way ANOVA). mutations conferred significant oxidant-sensitivity to
It was observed that the greater protection of mutant their host cells, with the MELAS mutation conferring
cells vs. controls occurred primarily at lower doses of the greatest amount of oxidant-sensitivity, followed by
H2O2, (e.g. LHON, põ 0.0001 at 50-250 mM H2O2, and LHON, and MERFF (Figure 1).
p Å 0.49 and 0.42 at 500 and 750 mM H2O2, by t-test

Calcium depletion rescues cells from death inducedat individual doses, respectively) CsA alone, i.e. in the
by oxidative stress. Depletion of Ca2/ significantly res-absence of H2O2 did not affect viability.
cued all cells from oxidative stress, the magnitude of
rescue was 143B ú LHON ú Da1B ú MERRF ú

DISCUSSION MELAS. This strongly implicates Ca2/ as a messenger
in the death signal. Secondly, the greater rescue of
LHON and MERRF cells than MELAS by Ca2/ deple-This is the first analysis of the sensitivity of cells

bearing mitochondrial mutations to oxidative stress. tion presumably reflects the origin of the LHON and
MERRF lines, 143B, which exhibited the largestThe major observations are 1) that mitochondrial mu-

tations responsible for MELAS, LHON, and MERRF amount of rescue; whereas MELAS cells are derived
from the Da1B line in which Ca2/ depletion exhibiteddisease confer oxidant sensitivity to their host cells; 2)

that the sensitivity is partially rescued by depletion of a smaller amount of rescue. In each case the amplitude
of rescue mediated by Ca2/-depletion was less for theCa2/, implicating Ca2/ in the transmission of the death

signal; and 3) that the MPT inhibitor CsA protects mutant than control line, this observation is consistent
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FIG. 2. Ca2/-free media protects control cells and mutants from H2O2 induced death. Cells were grown in Ca2/-free media for 24 hr.,
and fresh Ca2/-free media was added to the cells before the addition of H2O2. Cells were harvested 6 hours later and cell viability was
determined by the trypan blue exclusion assay. A-143B, B- Da1B, C-LHON, D-MERRF, and E-MELAS. Open squaresells in Ca2/-free
media; filled squaresÅcells in Ca2/-rich media. Significance levels at individual doses are represented by asterisks, * Å p õ 0.05, **p õ
0.01, **p õ 0.005, and ****p õ 0.0001. Ca2/-depletion caused significant protection of cells at all doses in aggregate by two way ANOVA,
põ 0.001. Averages from 3-20 independent experiments are shown, with bars representing two standard errors of the mean.
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FIG. 3. Cyclosporin A protects mutant and control cells from oxidant stress. Cells (A-MELAS, B-LHON, C-MERRF, D-143B, and E-
Da1B) were pre-treated with cyclosporin A (CsA) for 30 minutes before addition of H2O2. After 6 hours, the cells were harvested and percent
viability was determined by the trypan blue exclusion assay. The following symbols represent the incubation conditions for each cybrid:
filled-symbolsÅcells / CsA; and open symbolsÅcells. Means from 20 independent experiments are shown. Significance levels at individual
doses are represented by asterisks, * Å p õ 0.05, **p õ 0.005, ***p õ 0.001, and ****p õ 0.0001. CsA-mediated protection of controls and
mutants was also significant (põ 0.001) by two-way ANOVA analysis of each mutant by control pair at all five doses, and CsA protected
mutant cells better than control, põ 0.0001. Bars represent two standard errors of the mean.
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