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Brief Communications

Cystatin B Deficiency Sensitizes Neurons to Oxidative Stress
in Progressive Myoclonus Epilepsy, EPM1
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Tarja Joensuu,1 Paula Hakala,1 Azad Bonni,2 and Anna-Elina Lehesjoki1
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The progressive myoclonus epilepsies, featuring the triad of myoclonus, seizures, and ataxia, comprise a large group of inherited
neurodegenerative diseases that remain poorly understood and refractory to treatment. The Cystatin B gene is mutated in one of the most
common forms of progressive myoclonus epilepsy, Unverricht–Lundborg disease (EPM1). Cystatin B knockout in a mouse model of
EPM1 triggers progressive degeneration of cerebellar granule neurons. Here, we report impaired redox homeostasis as a key mechanism
by which Cystatin B deficiency triggers neurodegeneration. Oxidative stress induces the expression of Cystatin B in cerebellar granule
neurons, and EPM1 patient-linked mutation of the Cystatin B gene promoter impairs oxidative stress induction of Cystatin B transcription. Importantly, Cystatin B knockout or knockdown sensitizes cerebellar granule neurons to oxidative stress-induced cell death. The
Cystatin B deficiency-induced predisposition to oxidative stress in neurons is mediated by the lysosomal protease Cathepsin B. We
uncover evidence of oxidative damage, reflected by depletion of antioxidants and increased lipid peroxidation, in the cerebellum of
Cystatin B knock-out mice in vivo. Collectively, our findings define a pathophysiological mechanism in EPM1, whereby Cystatin B
deficiency couples oxidative stress to neuronal death and degeneration, and may thus provide the basis for novel treatment approaches
for the progressive myoclonus epilepsies.

Introduction
The progressive myoclonus epilepsies (PMEs) comprise of a
group of inherited diseases that present with myoclonus, epilepsy, and progressive neuronal deterioration (Berkovic et al.,
1986; Marseille Consensus Group, 1990). PME of the Unverricht
–Lundborg type (EPM1) has the highest incidence among the
PMEs worldwide and is characterized by onset at 6 –16 years,
stimulus-sensitive myoclonus, and tonic-clonic seizures. As
EPM1 progresses, patients develop additional neurological
symptoms, including ataxia and dysarthria, reflecting widespread
neuronal degeneration (Kälviäinen et al., 2008). Loss-of-function
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the Sigrid Jusélius Foundation, and the Academy of Finland (NEURO Research Programme 2006 –2009 and Center of
Excellence Programme 2006 –2011) to A.-E.L. We thank E. Andermann and F. Andermann for helpful discussions
and critical reading of this manuscript; A. Liberman, M. Taipale, and P. Uusen for technical assistance; A. Baici for the
human Cathepsin B-GFP plasmid; K. Brix for the rat Cathepsin B–GFP plasmid; G. Suske for the Sp1 plasmid; N.
Perkins for the Sp1–ZnF plasmid; and E. Weber for the Cathepsin B antibody. Hyman M. Schipper has served as
consultant to Osta Biotechnologies, TEVA Neurosciences, and Caprion Pharmaceuticals. He holds stock options in
Osta and equity in Molecular Biometrics LLC. Anna-Elina Lehesjoki has served as an independent speaker for the
symposium “European Forum Addressing Challenges in Epilepsy Care (FACE)” sponsored by Pfizer Limited. AnnaElina Lehesjoki is the coordinator of a Finnish research consortium “EPIMEC” on Progressive Myoclonic Epilepsy
(EPM1). The consortium receives support from UCB Pharma for the project’s clinical part for which another investigator is the primary investigator.
Correspondence should be addressed to either of the following at their above addresses: Azad Bonni, E-mail:
azad_bonni@hms.harvard.edu; or Anna-Elina Lehesjoki, E-mail: anna-elina.lehesjoki@helsinki.fi.
DOI:10.1523/JNEUROSCI.0682-09.2009
Copyright © 2009 Society for Neuroscience 0270-6474/09/295910-06$15.00/0

mutations in the gene encoding Cystatin B, an inhibitor of lysosomal Cathepsins, are the primary genetic cause of EPM1 (Pennacchio et al., 1996; Lalioti et al., 1997; Joensuu et al., 2008).
Cystatin B knock-out mice recapitulate key clinical features of
EPM1 (Pennacchio et al., 1998). Myoclonic seizures in these mice
typically occur during sleep and progress from twitching of isolated muscles to spasms affecting the entire body. Electrocorticogram recordings reveal bilaterally synchronous 4 – 6 Hz repetitive
spiking commencing with the myoclonus. In addition, Cystatin
B-deficient mice develop progressive ataxia. Importantly, the
major feature in Cystatin B-deficient mice is a progressive death
of cerebellar granule neurons. These observations suggest that
neuronal degeneration plays a critical role in EPM1 pathophysiology. However, the cell biological stimuli and signaling mechanisms by which Cystatin B deficiency triggers neuronal degeneration have remained to be elucidated.
We reasoned that Cystatin B deficiency might trigger a pathophysiological response in neurons, having the potential of inducing hyperexcitability leading to seizures and myoclonus, and neuronal degeneration. Disrupted redox homeostasis resulting from
oxidative stress has been linked to diverse disease pathologies
including seizure disorders and neurodegenerative diseases
(Kunz, 2002; Chong et al., 2005). Increasing evidence suggests
that antioxidants may alleviate the progression of epilepsy. Intriguingly, the antioxidant N-acetylcysteine (NAC) reportedly alleviates seizures and myoclonus in EPM1 patients (Hurd et al.,
1996; Edwards et al., 2002), suggesting that oxidative stress may
contribute to EPM1-induced neuronal hyperexcitability. How-
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ever, the importance of oxidative stress in
neuronal degeneration in EPM1 has remained unexplored.
In this study, we identify a novel function for Cystatin B in defending cerebellar
granule neurons from oxidative stress.
Our findings define an oxidative stressresponsive Cystatin B–Cathepsin B signaling pathway whose dysregulation couples
oxidative stress to neuronal degeneration
in EPM1.
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Figure 1. Cystatin B deficiency sensitizes neurons to oxidative stress. A, Lysates of 293T cells transfected with the rat FLAG—
Cystatin B expression vector or control plasmid together with the Cystatin B hpRNA, Cdk2 hpRNA, or control U6 plasmid were
immunoblotted with the Cystatin B and !-tubulin antibodies. B, Immunocytochemical analysis of rat granule neurons transfected with FLAG—Cystatin B and DsRed expression plasmids together with the Cystatin B hpRNA, Cdk2 hpRNA, or control U6
plasmid. Cystatin B RNAi reduced FLAG–Cystatin B expression in an average of 63.2% of transfected cells (n ! 2). C, Rat granule
neurons were transfected with the Cystatin B hpRNA or control U6 plasmid together with the !-galactosidase expression plasmid.

Mice. The Cystatin B-deficient mouse strain
(129-Cstb tm1Rm/J) was obtained from The
Jackson Laboratory (stock #003486). Wild-type
offspring from heterozygous matings were used
as controls.
Antibodies. Antibodies to !-galactosidase
(Promega), Cystatin B (Biogenesis), DsRed
(Clonetech Laboratories), green fluorescent
protein (GFP) (Santa Cruz Biotechnology), and
!-tubulin and M2-Flag (Sigma) were
purchased.
Tissue culture. Granule neurons prepared
from postnatal day 6 (P6) rat or P5/6 mouse
cerebella were transfected as described previously (Lehtinen et al., 2006). Neurons were left
untreated or treated with H2O2 (50 –100 "M) or
glutamate (10 mM). To control for the high reactivity of H2O2, the H2O2 concentration used
4
After 72 h, cultures were treated with H2O2 for 24 h. Percentage cell death in transfected !-galactosidase-positive neurons is represented as mean " SEM. Cystatin B knockdown
sensitized neurons to H2O2-induced cell death (ANOVA; p #
0.05; n ! 3). D, Rat granule neurons transfected with the
Cystatin B hpRNA or control U6 plasmid together with the
!-galactosidase expression plasmid were treated with 10 mM
glutamate for 24 h and analyzed as in Figure 1C. Cystatin B
RNAi sensitized neurons to glutamate-induced cell death
(ANOVA; p # 0.05; n ! 3). E, Lysates of 293T cells transfected
with the mouse (m) Cystatin B expression vector or control
plasmid together with the Cystatin B hpRNA or control U6
plasmid were immunoblotted with the Cystatin B and
!-tubulin antibodies. F, Rat granule neurons transfected with
the rat (r)FLAG–Cystatin B or mCystatin B expression plasmid
and the !-galactosidase expression vector together with the
Cystatin B RNAi plasmid were treated with H2O2 and analyzed
as in C. Mouse Cystatin B rescued neurons from rat Cystatin B
RNAi sensitization to H2O2-induced death (ANOVA; p #
0.001; n ! 3). G, Left panels, Lysates of wildtype and Cystatin
B$/$ mouse granule neurons were immunoblotted with
the Cystatin B or !-tubulin antibodies. Right panels, Cultures
of Cystatin B$/$ and wild-type control granule neurons
were treated with increasing amounts of H2O2 and analyzed
as in C. Cell death significantly increased in Cystatin B$/$
neurons during H2O2 treatment compared with control
(ANOVA; p # 0.0001; n ! 3). H, Left panels, Cystatin B$/$
granule neurons transfected with the mouse Cystatin B or control plasmid together with the !-galactosidase expression
plasmid were treated with H2O2 and analyzed as in C. Cystatin
B expression in Cystatin B$/$ neurons rescued neurons
from oxidative stress sensitivity (ANOVA; p # 0.01; n ! 3).
Right panels, Arrowheads denote representative images of
neurons scored for survival.
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Table 1. Cystatin B deficiency disrupts cerebellar redox homeostasis at 6 months of age
Cerebellum
Redox assay
a

SOD (units/mg protein)
GSHb (nmol/mg tissue)
GSSG:GSHc
8-epi PGF2#d (pg/mg)
Glutathione peroxidasee (units/mg protein)

Cystatin B%/%

Cystatin B$/$

p value*

632.1 " 35.8
1.8 " 0.004
0.061 " 0.003
1.0 " 0.09
24.4 " 1.8

482.4 " 20.6
1.0 " 0.142
0.085 " 0.006
5.6 " 1.1
30.1 " 1.3

#0.05
#0.05
#0.05
#0.005
#0.05

*p values are determined by Student’s t test. In the last column, p values corresponding to the following redox analyses are compared as follows.
a
One unit of SOD activity (units per milligrams of protein) is defined as 50% inhibition of formazan production. SOD activity was significantly reduced in Cystatin B$/$ cerebella compared with wild-type controls &n ! 5 (%/%), n ! 4
($/$)'.
b
GSH was significantly reduced in Cystatin B$/$ cerebella compared with wild-type controls &n ! 4 (%/%), n ! 4 ($/$)'.
c
GSSG:GSH was significantly increased in Cystatin B$/$ cerebella compared with wild-type controls &n ! 4 (%/%), n ! 4 ($/$)'.
d
Lipid peroxidation was assayed based on competition between 8-epi–PGF2# and an 8-epi–PGF2#-acetylcholinesterase conjugate. Lipid peroxidation was significantly increased in Cystatin B$/$ cerebella compared with wild-type
controls &n ! 3 (%/%), n ! 5 ($/$)'.
e
Glutathione peroxidase activity was assayed by NADPH oxidation. Glutathione peroxidase activity increased significantly in Cystatin B$/$ cerebella compared with wild-type controls &n ! 3 (%/%), n ! 5 ($/$)'.

was separately titrated in each set of experiments. The next day, cells were
subjected to immunocytochemistry. Neuronal survival was assessed in
transfected !-galactosidase-positive neurons based on the integrity of
neuronal processes and nuclear morphology (Lehtinen et al., 2006). Approximately 100 cells were counted per treatment condition, per experiment, in a blinded manner and analyzed for statistical significance by
ANOVA followed by Fisher’s protected least significant difference post
hoc test. Statistical analyses represent a minimum of three separate
experiments.
Supplemental Methods, available at www.jneurosci.org as supplemental material, include detailed protocols for the following: plasmids; immunoblotting, immunocytochemistry, and luciferase assays; quantitative real-time PCR; Cathepsin B activity; and redox analyses.

Results
We investigated the potential role of Cystatin B in regulating
redox homeostasis and oxidative stress responses in cerebellar
granule neurons. We first used a plasmid-based method of RNA
interference (RNAi) to acutely knockdown Cystatin B. The expression of Cystatin B hairpin RNAs (hpRNAs) dramatically reduced expression of Cystatin B in 293T cells and primary rat
cerebellar granule neurons (Fig. 1 A, B). We then assessed the
functional effect of Cystatin B knockdown on oxidatively stressed
neurons. Rat granule neurons were transfected with the Cystatin
B hpRNA or control plasmid together with a plasmid encoding
!-galactosidase. After transfection, neurons were exposed to oxidative stress, and cell survival was assessed in transfected
!-galactosidase-positive neurons based on the integrity of neuronal processes and nuclear morphology. Cystatin B knockdown
robustly increased the ability of hydrogen peroxide to induce cell
death in granule neurons (Fig. 1C). High concentrations of glutamate (10 mM) induce oxidative stress internally in neurons
(Ratan et al., 2002). Cystatin B knockdown neurons were also
sensitized to glutamate-induced cell death (Fig. 1 D). Together,
these data suggest that Cystatin B protects neurons in response to
oxidative stress.
We next performed a rescue experiment in which we expressed mouse Cystatin B in the background of rat Cystatin B
RNAi. The Cystatin B hpRNAs target a sequence in rat Cystatin B
mRNA that differs from the mouse Cystatin B mRNA by five base
pairs such that mouse Cystatin B was resistant to Cystatin B RNAi
(Fig. 1 E). Expression of mouse Cystatin B in rat granule neurons
reversed the ability of Cystatin B RNAi to sensitize neurons to
stress-induced cell death (Fig. 1 F). These results indicate that
Cystatin B RNAi sensitizes neurons to hydrogen peroxide via
specific knockdown of Cystatin B rather than off-target effects of
Cystatin B RNAi or nonspecific activation of the RNAi
machinery.

We also tested whether primary granule neurons isolated
from Cystatin B-deficient mice are sensitive to oxidative stress.
Consistent with the RNAi experiments in rat granule neurons
(Fig. 1 A–F ), hydrogen peroxide induced significantly greater levels of cell death in Cystatin B$/$ than wild-type mouse granule
neurons (Fig. 1G). Importantly, Cystatin B expression rescued
Cystatin B$/$ neurons from oxidative stress-induced death,
suggesting that the sensitivity of these neurons to oxidative stress
is not attributable to nonspecific alteration in Cystatin B knockout neurons independent of their genotype (Fig. 1 H). Together,
these results establish an essential function for Cystatin B in protecting neurons from oxidative stress.
Since Cystatin B deficiency sensitized granule neurons to oxidative stress, we reasoned that Cystatin B-deficient cerebella
might incur oxidative damage in vivo that contributes to the
pathogenesis of EPM1. To test this hypothesis, we performed an
extensive redox analysis of Cystatin B$/$ and wild-type control
brains. We measured the levels of antioxidants including superoxide dismutase (SOD), glutathione (GSH), and catalase, the deregulation of which have been associated with neurodegeneration (Chong et al., 2005). SOD dismutates superoxide to
hydrogen peroxide, whereas GSH and catalase reduce hydroperoxides (Lehtinen and Bonni, 2006). We observed a significant
reduction in SOD activity and GSH levels specifically in the cerebellum but not in other regions of the brain, including the telencephalon and diencephalon, in Cystatin B knock-out animals
compared with wild-type animals (Table 1; supplemental Table
1, available at www.jneurosci.org as supplemental material). Accordingly, the ratio of oxidized to reduced glutathione (GSSG:
GSH) was increased in the cerebellum, a hallmark of oxidative
damage (Table 1; supplemental Table 1, available at www.
jneurosci.org as supplemental material). No differences in the
overall glutathione reductase activity were observed in the brains
of Cystatin B$/$ mice compared with control (data not shown),
suggesting that decreased GSH levels were not attributable to
impaired glutathione reductase activity. No change in catalase
activity was found in the cerebellum or other brain regions in
Cystatin B knock-out animals (data not shown). Together, these
data demonstrate that Cystatin B deficiency leads to impaired
antioxidant capacity in the cerebellum.
Accumulating free radicals can promote damage to cells via
reactions with macromolecules including lipids, proteins, and
DNA (Chong et al., 2005). Although we did not observe significant changes in oxidative damage to proteins or DNA in Cystatin
B knock-out animals (data not shown), we found a dramatic
increase in oxidative damage to lipids in Cystatin B knock-out
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Effector: Sp1
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Figure 2. Oxidative stress induces Cystatin B expression. A, Lysates of rat granule neurons treated with increasing concentra- Hydrogen peroxide induced the ability of
tions of H2O2 (50 – 80 "M) for 24 h were immunoblotted with Cystatin B and !-tubulin antibodies. B, Granule neurons were Sp1 to activate the expression of the Cystatransfected with an expression vector encoding Sp1, the dominant interfering form of Sp1, Sp1–ZnF, or control vector together tin B-luciferase reporter gene (Fig. 2C).
with the Cystatin B firefly luciferase gene. A Renilla luciferase reporter gene was cotransfected to control for transfection efficiency. The predominant mutation that predisSp1–ZnF inhibited Cystatin B luciferase activity compared with control and Sp1 (ANOVA; p # 0.05; n ! 5). C, Oxidative stress poses patients to EPM1 is the expansion of
stimulates Sp1-mediated Cystatin B transcription. Left panel, Granule neurons were transfected with an expression vector encod- a dodecamer repeat (5(-ccccgccccgcg-3()
ing Sp1 together with the Cystatin B firefly luciferase gene and a Renilla luciferase reporter gene. Granule neurons were left in the Cystatin B promoter (Lafrenière et
untreated or treated with H2O2 for 16 h. Data are expressed as (Cystatin B luciferase plus Sp1)/(Cystatin B luciferase plus control). al., 1997; Lalioti et al., 1997). In contrast to
H2O2 inducedCystatinB(ANOVA;p#0.01;n!3).Rightpanel,GranuleneuronsweretransfectedwithanSp1expressionvectortogether
Sp1 induction of the wild-type Cystatin B
with a Cystatin B firefly luciferase gene harboring an EPM1-like dodecamer repeat expansion and treated as in the left panel. Data are
promoter during exposure to hydrogen
expressed as (EPM1 luciferase plus Sp1)/(EPM1 luciferase plus control). H2O2 failed to induce EPM1-linked Cystatin B.
peroxide, Sp1 failed to activate a Cystatin B
promoter harboring an EPM1-related doanimals using an assay for 8-epi prostaglandin F# (8-epi-PGF2#),
decamer repeat expansion (Alakurtti et al., 2000) in granule neuan established and specific marker of lipid peroxidation. Lipid
rons (Fig. 2C). These results suggest that oxidative stress induces
peroxidation was increased in the cerebellum but not the telenSp1-dependent Cystatin B transcription in neurons, and the
cephalon or diencephalon of Cystatin B$/$ mice when comEPM1-linked dodecamer repeat expansion in the Cystatin B propared with wild-type mice (Table 1; supplemental Table 1, availmoter impairs the oxidative stress-induced Cystatin B transcripable at www.jneurosci.org as supplemental material) (data not
tional response.
shown). Importantly, lipid peroxidation accelerated with age, inCystatin B inhibits the activity of the lysosomal protease Cathepcreasing from baseline at 2 months, to nearly fivefold in
sin B (Turk and Bode, 1991). Cathepsin B activity is upregulated in
6-month-old mice compared with wild-type controls (Table 1;
EPM1 patients (Rinne et al., 2002). In agreement with this result,
supplemental Table 1, available at www.jneurosci.org as suppleCathepsin B activity is enhanced in cultures of Cystatin B-deficient
mental material) (data not shown). Consistent with these obsercerebellar granule neurons [relative Cathepsin B activity: 34.4 " 3.07
vations, the activity of glutathione peroxidase, an enzyme that
(Cystatin B%/%); 42.6 " 1.97 (Cystatin B$/$); t test: p # 0.05; n !
reduces lipid hydroperoxides, was increased in Cystatin B$/$
4 (%/%), n ! 3 ($/$)]. Since granule neuron degeneration is recerebella compared with wild-type controls (Table 1), suggesting
duced in Cystatin B–Cathepsin B double knock-out mice compared
a cellular adaptation to oxidative lipid damage in these animals.
with Cystatin B knock-out mice (Houseweart et al., 2003), these
Our findings suggest that Cystatin B deficiency increases cerebelobservations raised the possibility that Cystatin B might protect
lar susceptibility to oxidative damage and specifically to lipid
neurons against oxidative stress-induced cell death by inhibiting
peroxidation.
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2 2
Collectively, our findings suggest that dys- H O -induced death (ANOVA; p # 0.005; n ! 3). D, Granule neurons transfected with the Cathepsin B hpRNA or control U6
2 2
regulation of Cystatin B–Cathepsin B sig- plasmid together with the !-galactosidase expression plasmid were treated and analyzed as in Figure 1C. Cathepsin B RNAi
naling may serve as a critical mechanism protected neurons from H2O2-induced cell death (ANOVA; p # 0.001; n ! 4). E, Granule neurons transfected with the Cystatin B
coupling oxidative stress to neuronal de- hpRNA, Cathepsin B hpRNA, and/or control U6 plasmid together with the !-galactosidase expression plasmid were treated and
analyzed as in Figure 1C. Cathepsin B RNAi protected neurons from Cystatin B–RNAi-induced H2O2 sensitivity (ANOVA; p # 0.001;
generation and death in EPM1.
Identification of a function for Cystatin n ! 6 and n ! 4, respectively).
B in oxidative stress responses in neurons
cipal features of a mouse model of progressive ataxia in which
has important implications for our understanding of EPM1
expression of the mitochondrial oxidoreductase gene apoptosispathophysiology. Cystatin B deficiency in mice triggers progresinducing factor (Aif ) is dramatically reduced (Klein et al., 2002).
sive degeneration of cerebellar granule neurons and ataxia (PenThe shared oxidative stress-associated pathologies and cellular
nacchio et al., 1998). Our findings define impaired redox horesponses to oxidative stress in granule neurons in Cystatin Bmeostasis as a mechanism by which Cystatin B deficiency
and Aif-deficient mice raise the interesting possibility that lysopromotes neuronal degeneration. Oxidative stress sensitivity and
somally derived proteases and mitochondrially derived oxiprogressive cerebellar granule neuron degeneration are also prin-
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doreductases may converge on a common mechanism to govern
redox homeostasis and neuronal survival.
Beyond granule neuron degeneration, it will be important to
determine if Cystatin B regulation of redox homeostasis also contributes to the other cardinal features of EPM1, seizures, and
myoclonus. The absence of overt oxidative damage in the cerebrum in Cystatin B knock-out mice suggests that oxidative damage in other regions of the brain might be limited spatially, have
delayed onset, or occur at lower levels than in the cerebellum.
Remarkably, several case reports suggest that treating EPM1
patients with the antioxidant NAC alleviates ataxia and seizures
(Hurd et al., 1996; Edwards et al., 2002). Differences in EPM1
patient responses to NAC treatment might be accounted by distinct underlying mechanisms mediating oxidative stress responses together with genetic and environmental factors. NAC
represents just one type of antioxidant available in the clinic. Our
findings suggest that in addition to NAC, therapeutic intervention targeting lipid peroxidation might provide further benefit.
Cystatin B deficiency-induced sensitization of granule neurons to oxidative stress is rescued by concurrent Cathepsin B loss
(Fig. 3E). Consistent with these findings, cerebellar granule neuron degeneration is reduced in Cystatin B–Cathepsin B double
knock-out mice compared with Cystatin B knock-out mice
(Houseweart et al., 2003). However, the double knock-out mice
retain myoclonic seizures and ataxia (Houseweart et al., 2003).
Thus, oxidative stress and Cystatin B may regulate neuronal excitability in EPM1 independently of deregulated Cathepsin B
activity.
The sensitivity of Cystatin B deficient neurons to oxidative
stress suggests links in EPM1 pathogenesis with other neurodegenerative disorders (Chong et al., 2005), suggesting that Cystatin B–Cathepsin B signaling might play a more widespread role in
neurodegenerative diseases. Conversely, our understanding of
the common neurodegenerative diseases may provide insights
into EPM1 pathogenesis. Sp1 function is impaired in models of
Huntington’s disease, whereby mutant Huntingtin sequesters
Sp1 from its target promoters (Dunah et al., 2002). Analogously,
the EPM1 dodecamer repeat expansion might disrupt the proper
assembly of the transcriptional machinery at the Cystatin B promoter, compromising the neuronal response to stress. Since Sp1
mediates oxidative stress-induced transcriptional responses (Ryu
et al., 2003), these findings raise the possibility that diverse neurodegenerative mechanisms may deregulate Sp1 function.
The PMEs are refractory to most available conventional therapies (Marseille Consensus Group, 1990). Aberrant oxidative
stress extends beyond EPM1 and includes other PMEs where, for
example, mutations in genes encoding mitochondrial tRNAs disrupt oxidative phosphorylation (Kunz, 2002). Thus, our study
suggests the exciting possibility that specific antioxidant therapeutic approaches might prove useful in the larger set of PMEs as
well.
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