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Figure 7. FOXRED1-FLAG co-immunoprecipitates with a subset of complex I
subunits. (A) Schematic representation of FOXRED1 co-immunoprecipitation
approach. AFOXRED1 cells were transfected with a construct encoding wild-type
or inactive mutant p.Y359A FOXRED1, with and without a FLAG tag. Expression of
FOXRED1 is able to restore levels of complex I subunits in both the tagged and
untagged samples. FOXRED1 (denoted ‘F’} is able to bind to interacting partners
(X represents an interacting protein while Y represents a protein required for

residues to investigate their role in FOXRED1 function and pos-
sible FAD binding. Tyrosine, cysteine and histidine residues are
capable of being covalently flavinated, while tyrosine and
phenylalanine are also capable of non-covalent stabilization of
FAD through interactions with the phenyl moiety (42-44). Resi-
dues Y327, Y349 and Y359 were chosen based on high conserva-
tion within FOXRED1 in different species. Also, the predicted
structural similarity of FOXRED1 with sarcosine oxidase (MSOX)
(26) led us to select residues Y410 and Y411, as these two tyrosine
residues align closely with the residue C316, the site of covalent
attachment of FAD in MSOX (45). While mutations in residues
Y327, Y349, Y410 and Y411 were able to restore complex I levels
to that of wild-type cells, the mutation Y359A was not (Fig. 6D,
lane 9). As the Y359F mutation was still functional (Fig. 6D, lane
8), it suggests that the phenyl moiety at position 359 is critical
for the function of FOXRED1 in the biogenesis of complex
1. Equal levels of expression were confirmed by SDS-PAGE and
western blot analysis (Fig. 6D, bottom panel).

FOXRED1 co-immunoprecipitates with a subset
of complex I subunits

Given the lack of specific antibodies for FOXRED1, we were unable
to determine whether the endogenous protein forms stable com-
plexes. Furthermore, following ectopic expression of epitope-
tagged FOXRED1 in control or AFOXRED1 cells, we were unable
to detect the presence of specific FOXRED1-containing complexes
on BN-PAGE (data not shown). FOXRED1 may therefore transient-
ly or loosely associate with complex I intermediates which are re-
fractory to BN-PAGE. To investigate FOXRED1 interactions, we
performed co-immunoprecipitation analysis of FOXRED1-FLAG
expressed in AFOXRED1 cells. In this case, we employed stable-
isotope labeling of cells (SILAC) and subsequent quantitative
mass spectrometry of eluted proteins (46,47). To correct for
potential bias due reduced levels of complex I subunits in
AFOXRED1 mitochondria (Fig. 4), we also expressed FOXRED1
lacking the C-terminal FLAG epitope in AFOXRED1 cells (see
Fig. 7A for more details). In addition to this, we also performed
co-immunoprecipitation analysis of the inactive FOXRED1¥394.
FLAG mutant in the same manner to determine proteins specif-
ically bound to the functional FOXRED1 (Fig 7A). As can be seen
(Fig. 7B and C; Supplementary material, Tables S1 and S2),
FOXRED1, but not the mutant FOXRED1Y***4, co-immunoprecipi-
tated with a number of complex I subunits including NDUFB10,

import or biogenesis) while contaminating proteins (A) bind non-specifically to
the resin in all cases. Upon washing and elution, FOXRED1-containing
complexes are enriched in FLAG-tagged elutions while contaminating proteins
elute in all samples. Following SILAC analysis, contaminating proteins are
removed, while true FOXRED1-binding proteins are enriched. (B) Mitochondria
from heavy or light amino acid-labeled AFOXRED1 cells expressing FOXRED1 or
FOXRED1™4¢ were subjected to immunoprecipitation with anti-FLAG beads.
Elutions were mixed and analyzed by LC-MS. The means of normalized heavy/
light ratios (logyo), identified in at least two replicates (including a label switch;
N=4) were plotted against their P-values (~log;q). Thresholds were set at P-
values < 0.05 and mean heavy/light enrichment ratios >6. For simplicity, only
bona fide mitochondrial proteins present in the MitoCarta dataset are shown,
and commonly used protein names are substituted for gene names (Hsp10,
HSPE1; Hsp60, HSPD1; mt-Hsp70, HSPAY; Miro-2, RHOT2; MPPalpha, PMPCA;
MPPbeta, PMPCB; Tim8a, TIMM8A; Tim13, TIMM13; Tom20, TOMM20; Tom22,
TOMM22). Unfiltered data can be found in Supplementary material, Table S1. (C)
Mitochondria from heavy or light amino acid-labeled HEK293T cells expressing
FOXRED1Y3*®* or FLAG-tagged FOXRED1Y**®* were subjected to anti-FLAG
immunoprecipitation and analysis performed as in (A). Unfiltered data can be
found in Supplementary material, Table S2.
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NDUFS5, NDUFA10, NDUFAS8, NDUFS3 and NDUFAS. The poten-
tial association of FOXRED1 with components of the import ma-
chinery (e.g. Tom20, Tom22 and MPP) and chaperones (e.g.
mtHsp70 and Hsp60/10) may be related to the biogenesis of
FOXRED1 due to its ectopic expression. Importantly, we did not
observe specific association with subunits of the other respira-
tory chain complexes, indicating that the interactions are specific
and are likely to occur at stages in assembly prior to assembly of
complex I intermediates into respirasomes (48).

Discussion

Loss of FOXRED1 leads to impaired complex I assembly
and the presence of a crippled subassembly

While it has been established that FOXRED1 is involved in com-
plex I biogenesis (24) and mutations in its gene cause mitochon-
drial disease related to complex I deficiency (25,26), little
information is available regarding its functional role. Here we
found that FOXRED1 associates with the matrix side of the
inner membrane, following import of the protein in a membrane
potential-dependent manner, and interacts with a subset of
complex I subunits. Moreover, loss of FOXRED1 leads to defects
in the latter stages of complex I assembly, resulting in the accu-
mulation of a crippled ~475 kDa subcomplex. We believe that this
~475 kDa subcomplex represents a non-productive breakdown of
a stalled assembly intermediate for the following reasons. First,
pulse-chase assembly analysis indicated that at early time
points, FOXRED1 patient cell mitochondria could form a late
stage ~815 kDa complex I intermediate, but this was unproduct-
ive, and was followed by the formation of the ~475 kDa complex.
Confirmation that this was the ~815 kDa intermediate was de-
monstrated by its association with the assembly factor NDUFAF1.
In addition, the ~475 kDa complex was no longer associated with
NDUFAF1. Secondly, the ~475 kDa complex contained most, if
not all, mtDNA-encoded complex I subunits, indicating that the
hydrophobic arm was largely intact. The reasons for such in-
stability of the ~815 kDa intermediate are not clear, but similar
observations have been seen in cells lacking the NDUFA9 subunit
(ANDUFAS9) that sits at the interface between the matrix and
membrane arms of complex (33). Indeed, the unproductive com-
plex observed in ANDUFA9 mitochondria also contained the late
assembly subunit NDUFS5, suggesting the unproductive complex
to also be a breakdown product of the ~815 kDa complex.

The late stage ~815 kDa complex also interacts with various
assembly factors including NDUFAF1, Ecsit, ACAD9 and other
proteins that form the MCIA complex (23), as well as NDUFAF2,
which stabilizes the assembly in the absence of N-module subu-
nits (49). Given the involvement of multiple assembly factors
converging at this point, and our observation that loss of
FOXRED1 leads to instability and breakdown of the ~815 kDa spe-
cies, this suggests that the late stages of complex I assembly re-
present a critical nexus in the enzyme’s biogenesis.

FOXRED1 is found in association with complex I subunits

The exact molecular role played by FOXRED1 still remains un-
clear, but this is also the case for many complex I assembly fac-
tors that have been identified in the past decade (19). FOXRED1
has putative oxidoreductase activity and has homology to FAD-
binding proteins that are involved in redox reactions related to
amino acid catabolism (dimethylglycine dehydrogenase, sarco-
sine dehydrogenase, L-pipecolic acid oxidase and peroxisomal
sarcosine oxidase) and metabolic regulation (pyrvuvate

dehydrogenase regulatory subunit) (25,26). However, there is
still no direct evidence for FAD-binding or oxidoreducatse activ-
ity. Mutations of residues involved in potential FAD binding did
not result in inhibition in FOXRED1 activity, except for the substi-
tution of Tyr359 for Ala. It remains to be determined whether this
mutation leads to potential defects in FAD binding, or if it causes
other defects, such as impairing protein folding. Nevertheless,
this construct served as a useful control to determine the pro-
teins that can form a complex with FOXRED1.

The recent determination of a 5 A cryo-EM structure of bovine
complex I revealed not only conservation of the core subunits
from T. thermophilus but also the presence of density attributed
to the accessory subunits (2). This structure revealed that the sub-
units identified as co-immunoprecipitating with FOXRED1
(NDUFS3, NDUFA10 and NDUFAS) are located in close proximity
to each other and to the mitochondrial inner membrane, consist-
ent with the sub-mitochondrial localization of FOXRED1. Further-
more, HA-tagged NDUFS5 has been found in association with
FOXRED1 (23), while FOXRED1 was also identified in stalled com-
plex I subcomplexes lacking NDUFA11 (32). Together, these data
suggest that FOXRED1 may function in a complex comprising at
least the core subunit NDUFS3 and the accessory subunits
NDUFAS, NDUFA10, NDUFB10 and NDUFSS5. Proteomic analysis
failed to detect any subunits of other respiratory complexes, sug-
gesting FOXRED1 performs its function prior to incorporation of
complex I intermediates with other respiratory complexes. As-
sembly of complex I with other complexes has been suggested
to occur following assembly of the ~815 kDa subcomplex, and be-
fore assembly into holocomplex I (39,48). Because we are unable to
identify subunits belonging to other respiratory complexes, we
can conclude that FOXRED1 most likely exerts its function prior
to this stage, thus being a mid-stage assembly factor for the bio-
genesis of complex I.

FOXRED1 patient mutations remain partially functional

Two separate missense mutations in FOXRED], resulting in the
substitutions p.R352W (26) and p.N430S (25), lead to loss of com-
plex I activity and mitochondrial disease. Most patients with nu-
clear gene defects and complex I dysfunction display severe
symptoms and do not survive to adulthood (21). Interestingly,
both patients harboring FOXRED1 mutations survived to adult-
hood. This indicates that the mutations result in partial loss of
function and/or loss of FOXRED1 can be compensated by other fac-
tors. Our studies indicate that the former is most likely true since
total loss of FOXRED1 leads to severe reduction in complex I levels
while overexpression of either of the mutant forms in these cells
restores complex I. Thus, the pathogenic mutations in FOXRED1
are most likely hypomorphic in nature. Similar observations have
also been for the complex I assembly factor NUBPL where overex-
pression of a p.Gly56Arg missense mutation could overcome a
complex I defect in patient cell lines (50). It is therefore possible
that future therapeutic treatments could involve mechanisms to
increase the synthesis of these mutant proteins so that the reduced
assembly activity is dampened. Current therapies for complex I de-
ficiency and mitochondrial disease include supplementation with
various metabolites such as dichloroacetate, CoQ, creatine or
riboflavin (51,52). While symptoms may improve for some patients,
ithasbeen shown that responsiveness may depend on the particu-
lar gene mutation present, leading to a non-responsive phenotype
(53,54). Our data suggest that future therapies could include the
identification of pharmacological agents that enhance expression
of the mutant protein, thereby overcoming effects of pathological
mutations and restoring levels of complex I.
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Materials and Methods

Cloning and molecular biology

The FOXRED1 open reading frame was amplified from a cDNA
library and cloned into the pGEM4Z vector (Promega, Madison,
WI, USA) for import studies and also in frame with a C-terminal
FLAG epitope containing pCDNA3 vector for expression studies.
Site-directed mutagenesis was performed using the Phusion
mutagenesis method (New England Biolabs) according to manu-
facturers’ instructions.

For TALEN construction, the 5 UTR and first exon of human
FOXRED1 (NM_017547) was used as the input sequence for de-
signing suitable TALEN-binding pairs using the ZiFiT Targeter
Version 4.2 (16). The binding pair FOXRED1-L (NG HD NI NN NI
NN NN NN NG HD HD NN NN NN HD NG HD) and FOXRED1-R
(NG NN HD HD NN NG NN HD NN NN HD NI NN NI NI HD HD)
were, respectively, assembled into the JDS70 (NI) and JDS71
(HD) backbones, yielding pTALEN-FOXRED1-L and pTALEN-
FOXRED1-R, according to Reyon et al. (55).

Cell culture

Patient and control fibroblasts used in this study have been re-
ported previously (25). Generation and genomic verification of
the AFOXRED1 cell lines was performed according to Stroud
et al. (33). Isogenic HEK293T cells were used as a control. Cells
were cultured in DMEM supplemented with 10% (v/v) fetal bovine
serum (FBS) and penicillin/streptomycin with 50 pg/ml uridine.
Cells were grown at 37°C under an atmosphere of 5% CO,. For
cell viability measurements, cells were grown in glucose or gal-
actose-containing media for 72 h before harvesting adherent
and non-adherent cells and staining with 0.2% trypan blue.
Cells (>300/sample) were subsequently counted.

For SILAC, cells were cultured in SILAC DMEM (Thermo-Fisher
Scientific; 4.5 g/l glucose, 4 mM L-glutamine, 110 mg/1 sodium
pyruvate) containing 10% (v/v) dialyzed FBS, supplemented
with penicillin/streptomycin, 50 pg/ml uridine, 600 mg/1 L-pro-
line and either ‘light’ amino acids (146 mg/1 L-lysine-HC] and
42 mg/l ir-arginine-HCl), or ‘heavy’ amino acids (180 mg/l
13CLN,-1-lysine-2HCl and 44 mg/1 *CE°N,-1-arginine-HCl; Cam-
bridge Isotope Laboratories). All cells were cultured at 37°C
under 5% CO,, 95% air.

Complementation studies

For the lentiviral-mediated rescue of patient fibroblasts, the
FOXRED1 open reading frame was cloned into the pGEM4Z vector
(Promega) and then subcloned into the 4-hydroxytamoxifen-in-
ducible lentiviral vector pF-5X-UAS-MCS-SV40-puroGa-
14ER™VP16 (GEV16)-W as described in (31). Lentiviral particles
were generated and infected into cells as previously described
(31,38). Following 20 days of selection, FOXRED1 expression was
induced by addition of 100 nM 4HT to the media, and cells were
then harvested for western blotting analysis. For complementa-
tion of AFOXRED1 cells, pCDNA3 plasmid containing FLAG-
tagged wild-type or mutant FOXRED1 was transfected using
Lipofectamine 2000 according to manufacturer’s instructions
(Invitrogen). The following day, media was refreshed and cells
grown an additional 48 h prior to analysis.

Mitochondrial localization analysis

Mitochondria were isolated according to the methods of Johnston
et al (41). For subfractionation, mitochondria were resuspended in

either 10 mm MOPS (pH 7.2) and 250 mM sucrose or 10 mm MOPS
(pH 7.2), and treated with 0.1 mg/m! proteinase K for 30 min on
ice (27). Alternatively, isolated mitochondria were subjected to ei-
ther sonication in 100 mm NaCl and 10 mm Tris-HCl (pH 7.6) or al-
kaline extraction in freshly prepared 0.1 M Na,COs; (pH 11.5).
Membranes were pelleted at 100000g for 30 min at 4°C, and
supernatants were precipitated with trichloroacetic acid (27).
After treatments, soluble (supernatant) and insoluble (pellet)
fractions were subjected to SDS-PAGE and western blot analysis.

Radiolabeling studies

mtDNA-encoded translation products were labeled using previ-
ously described methods (56). For import studies, radiolabeled
FOXRED1 was translated using TnT Coupled Reticulocyte Lysate
(Promega) in the presence of a [**S]-methionine/cysteine. Trans-
lated protein was incubated with mitochondria isolated from
HEK?293T cells at 37°C for various times. Proteinase K treatment
and dissipation of membrane potential were performed as de-
scribed elsewhere (39).

Co-immunoprecipitation analysis

For immunoprecipitation, SILAC-labeled AFOXRED1 cells were
transfected with pCDNA3 plasmid harboring DNA encoding
FOXRED1-FLAG, FOXRED1, FOXRED1"3**A_.FLAG or FOXRED173%°4
and allowed to express protein for 48 h. Mitochondria were then
isolated and solubilized in lysis buffer (20 mm Bis-Tris, pH 7,
50 mM NaCl, 10% glycerol) containing 1% (w/v) digitonin. Individ-
ual lysates were incubated with anti-FLAG M2 affinity gel (Sigma)
for 2 h at 4°C with gentle rotation. Following washing with lysis
buffer containing 0.1% (w/v) digitonin, bound protein was eluted
with 100 pg/ml FLAG peptide (Sigma).

Mass spectrometry and data analysis

Proteins were acetone precipitated, solubilized in 8 M urea, 0.05%
ProteaseMax (Promega), 50 mM ammonium bicarbonate, and re-
duced and alkylated with 5 mm Tris(2-carboxyethyl)phosphine
hydrochloride and 50 mm iodoacetamide at 37°C for 30 min. Pro-
teins were digested with LysC (Promega) at 37°C for 2 h, followed
by dilution of the solution to 2 M urea and continuation of the di-
gestion continued at 37°C overnight with the addition of Trypsin
(Promega). The digest was acidified with 1% (v/v) trifluoroacetic
acid (TFA) and the peptides desalted on SDB-XC (Empore) Stage-
Tips as previously described (57). Peptides were analyzed by an
online nano-HPLC/electrospray ionization-MS/MS on an LTQ-Or-
bitrap Elite Instrument connected to an Ultimate 3000 HPLC
(Thermo-Fisher Scientific). Peptides reconstituted in 0.1% TFA
and 2% acetonitrile (ACN) were loaded onto a trap column (Cig
PepMap 100 pm ID x 2 cm trapping column, Thermo-Fisher Sci-
entific) at 5 pl/min for 6 min, and washed for 6 min before switch-
ing the precolumn in line with the analytical column (Vydac MS
Cis, 3 um, 300 A and 75 pm ID x 25 cm, Grace Pty. Ltd.). The separ-
ation of peptides was performed at 300 nl/min using a non-linear
ACN gradient of buffer A (0.1% formic acid, 2% ACN) and buffer B
(0.1% formic acid, 80% ACN), starting at 5% buffer B to 55% over
120 min. Data were collected in Data-Dependent Acquisition
mode using m/z 350-1500 as MS scan range, CID for MS/MS of
the 20 most intense ions. Other instrument parameters were:
MS scan at 120 000 resolution, maximum injection time 150 ms,
AGC target 1E®, CID at 35% energy for a maximum injection
time of 150 ms with AGC target of 5000.
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For data analysis, Thermo MSraw files were analyzed using the
MaxQuant platform (version 1.5.0.30); (58) searching against the
human UniProt FASTA database (release 38 July 2014; 88993 en-
tries) and a database containing common contaminants by the
Andromeda search engine (59). Default setting parameters were
used with modifications. Briefly, cysteine carbamidomethylation
was used as a fixed modification, and N-terminal acetylation
and methionine oxidation were used as variable modifications.
False discovery rates of 1% for proteins and peptides were applied
by searching a reverse database, and ‘Re-quantify’ and ‘Match be-
tween runs’ options were enabled. Unique and razor peptides
were used for quantification, using a minimum ratio count of
1. Data analysis was performed using the Perseus software.
SILAC ratios (heavy/light) were filtered for proteins quantified
by >1 unique peptide and >5% sequence coverage. Mean normal-
ized ratios were calculated from each of these proteins identified
in >2/4 replicates and log, o transformed. P-values across replicates
were calculated by a one-tailed t-test. Gene names were matched
to gene symbols and synonyms listed in the human MitoCarta
dataset (24).

Oxygen consumption and enzyme activity
measurements

OCRs and ECARs were measured in live cells using a Seahorse
Biosciences XF24-3 Analyzer according to manufacturer’s proce-
dures. Briefly, 50000 HEK293T cells were plated per well of a
poly-p-lysine-treated Seahorse Biosciences culture plate and
grown overnight in standard culture conditions. OCR and ECAR
were analyzed in cells in non-buffered media with the following
inhibitors: 2 pM oligomycin, 0.5 pM carbonyl cyanide 4-(trifluoro-
methoxy) phenylhydrazone (FCCP), and 0.3 uM antimycin A
along with 0.5 uM rotenone. Four measurement cycles (2 min
mix, 2 min wait, 5 min measure) were done for basal conditions,
and following each inhibitor injection. For each cell line, 7-10 rep-
licate wells were measured in triplicate plates and measurements
normalized to cell number with CyQuant (Life Technologies).
Basal ECAR, basal OCR and non-mitochondrial respiration were
calculated as an average of the four measurement points. Basal
mitochondrial OCR was determined from basal OCR minus non-
mitochondrial respiration rate. To calculate proton leak and
maximal respiration, the initial measurement following addition
of oligomycin or FCCP, respectively, was used. The activity of
OXPHOS complexes -1V and citrate synthase (CS) were measured
in enriched mitochondrial preparations from cells with (CI, CII,
CIV and CS) and without (CIII) hypotonic treatment, as described
by Frazier and Thorburn (60).

SDS-PAGE, BN-PAGE and western blot analysis

SDS-PAGE was performed using Tris-Tricine gradient gels (61) and
BN-PAGE and second dimension SDS-PAGE was performed ac-
cording to Lazarou et al. (39). BN-PAGE molecular-weight markers
employed were thyroglobulin (669 kDa), ferritin (440 kDa) and BSA
(137 and 67 kDa) and were employed as reference markers rather
than true size estimations. In-gel activity assays were performed
according to Zerbetto et al. (62). Antibodies were purchased for
NDUFS2, NDUFS3, SDHA, Core I and COXIV (Sapphire Biosciences),
COII (Invitrogen), NDUFV2 and FLAG-epitope (Sigma), Tom20
(Santa Cruz, CA, USA), Tim23 and cytochrome c (BD Transduction
Laboratories), while rabbit polyclonal GFP, NDUFA9, NDUFBS,
NDUFSS5, NDUFAF1, NDUFAF2, NDUFAF4, Ecsit, mtHsp70 and
ACAD9 were made in-house. The ND1 antibody was a gift
from A. Lombes (Paris, France). Secondary probing with a-mouse

or o-rabbit horseradish-peroxidase-conjugated antibodies
(Sigma) was performed for 2 h, followed by detection using En-
hanced Chemiluminescence reagents (GE Healthcare, NJ, USA)
and a ChemiDoc Imaging system (Bio-Rad, Hercules, CA, USA).

Supplementary Material

Supplementary Material is available at HMG online.
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Increased oxidative stress is related to

disease severity in the ALS motor cortex

A PET study

ABSTRACT

Objective: To investigate cerebral oxidative stress based on an over-reductive state caused
by mitochondrial dysfunction and its relationship to disease severity in patients with amyo-
trophic lateral sclerosis (ALS) using PET with [62Cu]diacetyl-bis(N4-methylthiosemicarbazone)
(82Cu-ATSM).

Methods: Twelve patients with ALS and 9 age-matched healthy controls underwent a 20-minute
dynamic brain PET scan after 82Cu-ATSM injection. The standardized uptake value (SUV) images
obtained from the last 10 minutes of frames were normalized by the global mean (nSUV). Regional
82Cu-ATSM retention in the nSUV images was compared between groups using statistical par-
ametric mapping (SPM) and region of interest (ROI) analysis. Secondary analyses evaluated the
correlations between regional nSUVs and the clinical characteristics of the participants.

Results: In SPM mapping, patients with ALS showed a significantly greater accumulation of
62Cu-ATSM compared to controls in the bilateral cortices around the central sulcus, including
the motor cortex, and the right superior parietal lobule. ROl analysis also revealed significantly
greater nSUVs in patients than controls in these regions. Increases in nSUV for these regions
were associated with decreases in the revised ALS Functional Rating Scale score, suggesting a
good correlation with the severity of ALS. In controls, age was correlated with nSUV for the
bilateral cortices around the central sulcus, although this correlation was not observed in patients
with ALS.

Conclusions: °2Cu-ATSM PET imaging demonstrated increased oxidative stress based on an
over-reductive state, primarily in the motor cortex, in patients with ALS. The magnitude of
oxidative stress correlated well with clinical severity, indicating that it may be associated with
neurodegenerative changes in ALS. Neurology® 2015;84:2033-2039

GLOSSARY

ALS = amyotrophic lateral sclerosis; ALSFRS-R = Revised Amyotrophic Lateral Sclerosis Functioning Rating Scale;
ANOVA = analysis of variance; MELAS = mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes
syndrome; MNI = Montreal Neurological Institute; nSUV = normalized standardized uptake value; ROl = region of interest;
ROS = reactive oxygen species; SUV = standardized uptake value.

Amyotrophic lateral sclerosis (ALS) is characterized by the progressive degeneration of both
upper and lower motor neurons.! Although the cause of the disease remains unknown in
sporadic ALS without an apparent genetic component, increasing evidence from postmortem
and biochemical investigations demonstrates that oxidative stress based on mitochondrial dys-
function is one of the principal molecular mechanisms for motor neuron degeneration in ALS.>?
However, the effects of oxidative stress on the neurodegeneration process in living patients with
ALS remain to be elucidated. In addition, the clinical need for new diagnostic tools for ALS has
been advocated.

Oxidative stress occurs upon increased production of reactive oxygen species (ROS), which are
mostly generated by leakage of excess electrons from an over-reduction state in impaired mito-
chondrial respiratory chains,*> suggesting that imaging of an over-reductive state would be

From the Second Department of Internal Medicine, Faculty of Medical Sciences (M.L, A M., O.Y,, T.H.,, Y.N.), and Biomedical Imaging Research
Center (H.O., T.T., TM,, YK, M.Y.), University of Fukui; and Faculty of Nursing and Social Welfare Sciences (M.Y.), Fukui Prefectural
University, Japan.
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© 2015 American Academy of Neurology 2033

107



a promising marker for oxidative stress.
[**Cu]diacetyl-bis(V*-methylthiosemicarbazone)
(®Cu-ATSM) is a PET radioligand for an
intracellular over-reductive state.®® Indeed, an
increased retention of Cu-ATSM was observed
in in vitro cell lines that were in an over-
reductive state due to mitochondrial failure.”®
A large retention of *Cu-ATSM in vivo in the
brains of patients with an inherited mitochon-
drial disorder or Parkinson disease also indicates
the feasibility of this radioligand for the imag-
ing of oxidative stress due to an over-reductive
state.”1°

The aim of the current study was to evalu-
ate cerebral oxidative stress and its relationship
with the clinical features of patients with spo-
radic ALS using “*Cu-ATSM PET to clarify
the role of oxidative stress in the pathogenesis

of ALS.

METHODS Participants. Twelve patients with sporadic ALS
(7 men and 5 women) aged 65.2 = 9.4 years who fulfilled the
criteria of clinically probable or definite ALS according to the
Revised El Escorial Diagnostic Criteria and who did not have
obvious dementia were recruited at the University of Fukui Hos-
pital, Japan (table). All patients presented with increased deep
tendon reflexes or pathologic reflexes as well as muscle weakness
and atrophy in more than 2 regions. Bulbar onset was seen in 2
patients. Eight of the patients showed a right-side dominant
onset. The severity of their symptoms at the time of the scan
was assessed using the Revised ALS Functioning Rating Scale
(ALSFRS-R), which is graded from 48 (normal function) to 0,
and the mean score was 30.9 = 11.8. The mean disease duration
was 25.8 = 17.1 months. All patients with ALS were being
treated with riluzole, but none of the patients was taking any

[ Table

11

Demographic and clinical characteristics of the patients with ALS ]

68

73

66

61

R upper limb

72

R lower limb

24 K 13 L lower limb
17 40 Bulbar

20 18" - R upper limb

- L upper limb

Abbreviations: ALS = amyotrophic lateral sclerosis; ALSFRS-R = Revised Amyotrophic
Lateral Sclerosis Functioning Rating Scale; B = bilateral.
ALSFRS-R scores range from 48 (normal function) to 0.
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antioxidants such as vitamin C or vitamin E at the time of the
PET evaluation. All patients with ALS underwent brain CT or
MRI, and there was no apparent lesion or atrophy in the cerebral
cortex. Nine age-matched healthy volunteers (6 men and 3
women) who were aged 61.2 * 8.0 years were also recruited
from a local community as normal controls. Seven controls
were right-handed.

Standard protocol approvals, registrations, and patient
consents. The protocol used for this study was approved by the
Institutional Review Board of the University of Fukui. All partic-
ipants provided written informed consent before participating in
the study.

PET procedure. The derailed radioligand preparation and
acquisition of “*Cu-ATSM PET are described in appendix e-1
on the Neurology® Web site at Neurology.org. In brief, all
participants underwent a 20-minute dynamic PET scan for the
whole brain after an IV bolus injection of ?Cu-ATSM. Cu-
ATSM was synthesized using a previously reported method.®!!

Image data processing and analysis. The reconstructed *Cu-
ATSM images were converted into semiquantitative images in
standardized uptake value (SUV) units. The SUV is the ratio of
the decay-corrected activity per unit volume of tissue to the
administered activity per unit of body weight. Early- and
delayed-phase images were produced by averaging the dynamic
PET data for the first 3 minutes and the last 10 minutes of frames,
respectively.”'*'? Using Statistical Parametric Mapping 2 (SPM2;
Wellcome Department of Cognitive Neurology, London, UK),
individual delayed-phase SUV  images were anatomically
standardized using the individual parameters determined from
the early-phase images and were transformed into Montreal
Neurological Institute (MNI) space. A partial volume effect was
not corrected. The spatially normalized dataset of images was
then normalized by tissue activity (global mean = 100) after
being smoothed with an 8-mm isotropic Gaussian filter. This
facilitated comparisons of relative uptake across participants.
Using this process, the SUV data from the delayed phase were
normalized by the global mean (nSUV).

SPM2 was employed to identify regions with a significant
increase in “?Cu-ATSM retention in the ALS patient group com-
pared to the control group in the nSUV image dataset. A voxel-
wise correlation analysis of nSUV and ALSFRS-R scores in
patients with ALS and of nSUV and age in controls was also
performed. This processing used # statistics with the statistical
threshold set at p < 0.01 at the voxel level and at p < 0.05 with
a correction for multiple comparisons via the false discovery rate
at the cluster level for the entire brain.

For each region where the SPM mapping showed a significant
increase in retention in the ALS patient group, regions of interest
(ROIs) were applied to the nSUV image of each participant. The
regional nSUVs obtained were compared between the patients with
ALS and controls, and their correlations with the demographic or
clinical characteristics were assessed within each group. Time radi-
oactivity curves were obtained from the regions where the SPM
mapping showed significance and the pons. Average images were
created for each group of nSUV images in the MNI space.

Statistical analyses. Data are given as the mean * SD. All
statistical analyses were performed using SPSS statistics version
17.0, and p < 0.05 was considered significant. A 2-tailed
unpaired # test was used to evaluate differences in age between
the groups. Categorical variables were compared across the groups
using Fisher exact tests. Differences in the regional nSUV
between and within participant groups were assessed using

© 2015 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



analysis of variance (ANOVA) for repeated measures using post
hoc Bonferroni correction, with diagnosis as a between-subjects
factor and brain region as a within-subjects factor. Regression
analysis between the regional nSUV and clinical characteristics
within each group was performed using a Pearson rank
correlation coefficient (7).

RESULTS No significant differences were found in
the age and sex distribution between the patients with
ALS and the controls. There were no significant cor-
relations among age, ALSFRS-R, and disease duration
in patients with ALS.

Using SPM mapping, a significantly greater accu-
mulation of ®?Cu-ATSM in patients with ALS than in
controls was observed, primarily in the bilateral cor-
tices around the central sulcus, including the precen-
tral and postcentral gyrus and paracentral lobule, as
well as in the right superior parietal lobule (figure 1).
The MNI coordinates of the peak uptake with the

Figure 1

Greater retention of 52Cu-ATSM in patients with amyotrophic lateral
sclerosis (ALS) than healthy controls in statistical parametric mapping
(SPM) analysis

highest Z score in each significant cluster from SPM2
corresponded to the right paracentral lobule (10,
—34, 46) and the left postcentral gyrus (—22,
—42, 62). The average images of the delayed phase
also show that Cu-ATSM retention in these regions
of the ALS group was higher than that found in the
controls (figure e-1). In addition, the time radioactiv-
ity curves of a representative patient with ALS showed
the delayed-phase retention for the left cortex around
the central sulcus was greater than that of pons,
although those showed similar radioactivities in the
early phase (figure e-2), suggesting that the delayed-
phase retention is not affected by the early-phase
uptake.

ANOVA analysis also revealed that the mean
nSUV obtained by ROI analysis in patients® with
ALS was greater than that of controls in both the right
and left cortices around the central sulcus and the
right superior parietal lobule (p < 0.001, 0.005,
and 0.001, respectively) (figure 2). Moreover, the
average of the bilateral cortices around the central
sulcus also showed a greater nSUV in the ALS group
than in the controls (p < 0.001). The mean nSUV in
the left cortex around the central sulcus was greater
than that in the right cortex around the central sulcus
in both groups (both p < 0.001).

Figure 3 shows the correlations between the
ALSFRS-R score and each nSUV for the right, left,
and bilateral cortices around the central sulcus and for
the right superior parietal lobule in patients with ALS.
The nSUV for all target regions had a linear correla-
tion with the ALSFRS-R score (r = —0.64, —0.58,
—0.69, and —0.62, respectively; p < 0.05 for all
correlations), suggesting that the retention in these
regions increased with the clinical severity of ALS.
There were no significant correlations between any
nSUV:s for these regions and disease duration in pa-
tients with ALS. Although there was also no signifi-
cant correlation between age and any nSUV in
patients with ALS, age was correlated with both
nSUVs for the right and bilateral cortices around
the central sulcus in controls (» = 0.72 and 0.76,
respectively; p << 0.05 for both correlations) (figure 4).
A voxel-wise correlation analysis showed no significant
correlations between the nSUV and ALSFRS-R score in
patients with ALS or between the nSUV and age in the
controls, most likely due to the small number of partic-
ipants and no partial-volume correction.

DISCUSSION In this study, we found greater
$2Cu-ATSM retention in patients with ALS than in
controls within bilateral cortical regions, including
the motor cortex, as well as in the right superior pari-
etal lobule (figures 1 and 2). Because the primary
motor cortex is included not only in the precentral

SPM results display the regions in which $2Cu-ATSM retention was higher in patients with

ALS than in healthy controls {voxel-level threshold was p < 0.01). gyrus but also in the postcentral gyrus and the
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Figure 2 Comparisons of regional 2Cu-ATSM retention between patients with
amyotrophic lateral sclerosis (ALS) and healthy controis (HC)
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Standardized uptake values of $2Cu-ATSM normalized by the global mean (nSUV) are
greater in patients with ALS than HC in the right, left, and bilateral (B) cortex around the
central sulcus (CS), as well as the right superior parietal lobule. Data are presented as the
mean = SD. Significant at *p < 0.001 and **p < 0.005.

2036

1314 most of the regions showing

paracentral lobule,
high uptake around the central sulcus may corre-
spond to the motor cortex. Increased retention in
the superior parietal lobule may also be associated
with the high retention in motor cortex because there
are tight cortical connections between the motor areas
and the motor-related parietal areas.'>'® Moreover,
the tracer retention in these regions increased with
the clinical severity, as estimated by the ALSFRS-R
score, in patients with ALS (figure 3). Studies using
cell lines with mitochondrial respiratory failure have
demonstrated that high levels of Cu-ATSM retention
indicate an over-reductive state that would lead to
Therefore, the
between ©2Cu-ATSM  retention and

disease severity in both the motor cortex and

oxidative  stress.”’® correlation

increased

motor-related parietal cortex of patients with ALS
suggests the presence of enhanced oxidative stress
based on mitochondrial dysfunction in the ALS
brain and points to its contribution to the
motoneuronal degenerative progression in ALS.

In vivo imaging of oxidative stress based on mito-
chondrial dysfunction has been strongly required
in ALS because of a number of studies indicating
that oxidative stress and mitochondrial dysfunction
play a major role in motor neuron degeneration
in ALS.*? Increases in the levels of 8-hydroxy-2'-
deoxyguanosine (8-OHdG), protein carbonyls, or
4-hydroxy-2-nonenal (4-HNE) histidine in the motor
cortex ot spinal cord in patients with ALS compared
to healthy controls have been demonstrated in
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multiple postmortem studies,'° indicating the
accumulation of oxidative damage to DNA, proteins,
and lipids in ALS. Increased concentrations of
8-OHdG or 4-HNE in the blood, urine, and CSF of
patients with ALS compared to those of healthy par-
ticipants have also been found in recent studies.*'
In addition, these studies showed that serum 4-HNE
or urine 8-OHdG levels correlated with advancing
disease or clinical severity, as indicated by the
ALSFRS-R score, in patients with ALS.*'?* These
findings, which are consistent with our study, suggest
that oxidative stress increases with disease progression
in ALS. Similarly, abnormalities of mitochondria and
mitochondrial respiratory failure have been identified
in sporadic human ALS.> Transgenic mice and cell
culture models carrying mutant Cu/Zn superoxide
dismutase (SODI) gene also showed mitochondrial
abnormalities.”* However, these pathologic or bio-
chemical studies cannot dynamically identify regional
changes of oxidant status or mitochondrial function
in living patients. ?Cu-ATSM PET imaging can be a
promising biomarker for evaluating regional oxidative
stress, based on an over-reductive state caused by
mitochondrial dysfunction in the brains of patients
with ALS, because this radioligand is retained in sites
with an over-reductive state in the delayed phase after
injection due to the reduction of Cu(ll) in Cu-
ATSM.*® An over-reductive state is the state in
which cells and tissues have excessive levels of elec-
trons relative to O,, which is caused by impaired
respiratory chains or hypoxia, and oxidative stress is
induced by excess ROS produced from redundant
electrons in this state under mitochondrial dysfunc-
tion.*>771% In fact, increased retention of Cu-ATSM
correlated with the levels of the biological reductants
NADH and NADPH was observed in cell lines with
an over-reductive state caused by mutated mitochon-
dria.”® Furthermore, in living patients, we found an
increased retention of “Cu-ATSM in brain lesions
due to mitochondrial myopathy, encephalopathy, lac-
tic acidosis, and stroke-like episodes syndrome
(MELAS), the most common mitochondrial disease
due to a known mutation in mitochondrial DNA,’
and in the striatum in Parkinson disease.'® Mitochon-
drial dysfunction and oxidative damage have been
demonstrated pathologically and biochemically in
the postmortem brains of individuals with these dis-
eases.”?¢ On the other hand, this radioligand readily
crosses the blood-brain barrier with a high membrane
permeability in the early phase after injection,® indi-
cating that the early-phase uptake reflects the cerebral
blood flow.”'? The time radioactivity curves in the
present study and our previous PET studies showed
that the regional blood flow indicated by the early-
phase uptake is not related to the retention in the
delayed phase unless the region is not hyporemic
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Other mechanisms involved in the pathophysiol-

Figure 3 Relationships between 52Cu-ATSM retention and Revised . . .
Amyotrophic Lateral Sclerosis Functioning Rating Scale (ALSFRS-R) ogy of sporadlc ALS, such as neuroinflammation
score in patients with amyotrophic lateral sclerosis (ALS) caused mainly by activated microglia, may be associ-

ated with oxidative stress based on an over-reductive

A B state in ALS because inflammarory cells induce
110- R cortex around CS 110- L‘PO’:{EX around CS ROS generation and increased ROS stimulate activa-

g ;i\\ tion of these cells.**** A recent PET study using
@ . 8E.DPA-714, a radioligand for the 18 kDa translo-
:> 100 100+ Teega cator protein (TSPO) expressed on cerebral inflam-
% """""""""""""" ) matory cells, showed enhanced neuroinflammation in
3 . several cortical regions including the primary motor,
S 90+ 90+ ‘e ™._  supplementary motor, and temporal cortices of pa-
:} [ =-0.58 tients with sporadic ALS at an early stage of the dis-
§ p=0.05 ease.** This finding and our results suggest that
80 0 80 0 10 20 30 40 50 oxidative stress and neuroinflammation may occur
ALSFRS-R ALSFRS-R concurrently and induce neurodegeneration in the

brains of patients with ALS. Similarly, changes of

C B cortices around CS D R superior parietal lobule glucose metabolism may also be related to oxidative

S ‘HO~\ 10+ . stress due to mitochondrial dysfunction because gly-
7 \\\‘ colytic hypermetabolism can produce abundant
£ ) NADH burdening excess electrons to the impaired
;-? 1007 100 respiratory chains.”?> However, the regions of rela-
§ tively increased ?Cu-ATSM retention in ALS in
2 904 904 the present study were not consistent with the regions
© where recent '8F-fludeoxyglucose (*F-FDG) PET
g studies showed increased metabolism, which were
3 80 ,, : : : , 80 : ' : : : . mainly the brainstem and medial temporal cortex.>¢”
0 10 20 30 40 50 0 10 20 30 40 50 Our previous PET study demonstrated that increased
ALSFRS-R ALSFRS-R uptake of "F-FDG precedes elevated retention of

ALS participants: regression analyses between ALSFRS-R score and each standardized #Cu-ATSM in the brain lesions of MELAS,” suggest-
uptake value of 52Cu-ATSM, normalized by the global mean (n\SUV), in the right (A), left (8),  ing that a period of hypermetabolism may be incon-
and bilateral (B) (C) cortex around the central sulcus (CS), as well as the right superior parietal ~ sistent with that of oxidative stress under
lobule (D). Pearson coefficients {r) and p values are shown for each relationship. ALSFRS-R

mitochondrial dysfunction. The relationship between
scores range from 48 (normal function) to O.

these mechanisms should be elucidated by future
studies.
(figure e-2).>'° Although “>Cu-ATSM nonspecifically In this study, “*Cu-ATSM retention in the right

binds to serum proteins,?”?

which can impact the and bilateral cortices around the central sulcus
early-phase uptake due to the blood flow, the increased with age only in healthy controls but not
delayed-phase retention may be less affected by this in patients with ALS (figure 4). Recent reports also
nonspecific binding because the lipophilicity of this  showed correlations between age and concentrations
radioligand decreases within 15 minutes, indicating  of 8-OHdG in the urine, plasma, and CSF combin-
that the metabolites may not enter the brain in the ing patients with ALS and healthy controls,??* sug-
delayed phase.”® Taken together, both in vitro and  gesting that oxidative stress is associated with normal
in vivo studies demonstrated the selectivity of aging in healthy individuals as well as with disease
©2Cu-ATSM retention for an over-reductive state, progression in patients with ALS. In addition, the
suggesting that ®Cu-ATSM PET can selectively  higher retention in left cortex around the central sul-
detect oxidative stress based on this state in patients  cus than the right cortex in both patients with ALS
with neurodegenerative disorders associated with oxi- and controls was also shown in the present study
dative injury and mitochondrial failure, including (figure 2). The higher retention in the left cortex
ALS. Interestingly, the therapeutic potential of non-  may be associated with the laterality of symptoms at
radiolabeled Cu-ATSM was shown in ALS model the onset in patients or the handedness side in con-
mice.??" Cu-ATSM has a potential to detoxify trols because of the right-side-dominant onset in most
mutant SOD1 by supplying Cu to Cu-deficient patients and the right-handedness in most controls.
mutant SODI as well as antioxidant activity, also  Construction of a database for healthy humans would
indicating the high selectivity of Cu-ATSM for the be helpful to validate the relationship between the
disease-affected tissues in ALS. regional retention and aging or handedness.
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Relationships between 52Cu-ATSM retention and age in healthy
controls

Figure 4
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Healthy control participants: regression analyses between age and each standardized uptake value
of $2Cu-ATSM, normalized by the global mean (hSUV), in the right (A) and bilateral (B) cortex around
the central sulcus (CS). Pearson coefficients (r} and p values are shown for each relationship.

Diagnostic imaging for amyotrophic lateral sclerosis (ALS) has the potential
to alleviate elements of uncertainty associated with the current diagnostic process
and to improve probability of successful outcomes from therapeutic clinical trials
via earlier enrollment and treatment of participants. Ikawa et al.! describe out-
comes from an assessment of *2Cu-ATSM in patients with ALS using PET. Selec-
tive accumulation of the radiotracer in the motor cortex of patients with ALS and
its correlation with disease severity supports the use of this compound to image
ALS via PET. Although the study involved a limited number of participants (12
ALS and 9 healthy controls), the outcomes are nonetheless encouraging. Increasing
radioactive half-life of the tracer by using %“Cu-ATSM (12 hours) instead of
62Cu-ATSM (10 minutes) together with a longer postinjection imaging interval
could afford greater sensitivity and thereby better insight to whether Cu-ATSM
PET may be used for diagnostic purposes.

In addition to the present ALS study, Ikawa et al.? have previously demonstrated
the potential to use Cu-ATSM PET to image Parkinson disease (PD). Herein lies a
tantalizing prospect: Therapeutic testing of Cu-ATSM in rodent models of ALS and
PD has generated robust positive outcomes, including neuroprotection in the primary
site of pathology as well as improved locomotive and cognitive function of the ani-
mals.>* It therefore appears that the potential imaging application of Cu-ATSM in
ALS and PD is matched by its potential as a therapeutic. Whether or not the imaging
and therapeutic activities of Cu-ATSM in these 2 neurodegenerative diseases are
related at a cellular mechanism of action level remains to be elucidated.

1. Ikawa M, Okazawa H, Tsujikawa T, et al. Increased oxidative stress is related to disease
severity in the ALS motor cortex: a PET study. Neurology 2015;84:2033-2039.

2. Ikawa M, Okazawa H, Kudo T, et al. Evaluation of striatal oxidative stress in patients
with Parkinson’s disease using [**Cu]ATSM PET. Nucl Med Biol 2011;38:945-951.

3. Roberts BR, Lim NK, McAllum EJ, et al. Oral treatment with Cu”(ATSM) increases
mutant SOD1 iz vive but protects motor neurons and improves the phenotype of a
transgenic mouse model of amyotrophic lateral sclerosis. ] Neurosci 2014;34:8021-8031.

4. Hung LW, Villemagne VL, Cheng L, et al. The hypoxia imaging agent Cu"(ATSM)
is neuroprotective and improves motor and cognitive functions in multiple animal
models of Parkinson’s disease. ] Exp Med 2012;209:837-854.
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The limitations of this study include the small
number of participants and the ovetlaps in the degree
(nSUV) of regional *Cu-ATSM retention between the
ALS and control groups (figure 2). Although the results
clearly demonstrate underlying oxidative stress in pa-
tients with ALS, this method remains impractical for
clinical diagnostic purposes. Further studies utilizing a
large number of participants are necessary to confirm
our preliminary results. In addition, **Cu-ATSM,
which has a longer half-life than “Cu-ATSM, may
improve the signal-to-noise ratio and increase detection
power for oxidative stress associated with an over-
reductive state in future PET studies.”!

We have shown that ®Cu-ATSM PET can non-
invasively provide information on cerebral oxidative
stress due to an over-reductive state in patients with
ALS. Increased oxidative stress in motor and motor-
related cortices correlated strongly with disease sever-
ity, suggesting that oxidative stress is associated with
neurodegeneration in ALS. PET imaging with
S2Cu-ATSM for oxidative stress based on mitochon-
drial dysfunction may improve our insights into the
pathogenesis of ALS and may be a promising tool for
monitoring further antioxidant and mitochondrial
therapies.
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ARTICLE INFO ABSTRACT

Article history: We conducted a ['®F]fluorodeoxyglucose positron emission tomography (FDG-PET) study in five patients (me-
Received 8 May 2015 dian age 11 (range 4-13) years) with Leigh syndrome to evaluate its usefulness for understanding the functional
Received in revised form 1 February 2016 brain dysfunction in this disease and in future drug trials. Four patients were found to have reported mitochon-
Accepted 3 February 2016

drial DNA gene mutations. The brain T2-weighted magnetic resonance imaging (MRI) showed high-intensity
areas in the putamen bilaterally in five patients, caudate bilaterally in four, thalamus bilaterally in two, and
brainstem in one. Cerebellar atrophy was observed in older two patients. For disease control, seven age-

Available online 4 February 2016

Keywords:

FD}gf'm matched epilepsy patients who had normal MRI and FDG-PET studies were selected. For semiquantitative anal-
Leigh syndrome ysis of the lesions with decreased '®F-FDG uptake, the mean standard uptake value (SUV) was calculated in re-
neuroimaging gions of interest (ROIs) placed in each brain structure. We compared the SUV of nine segments (the frontal,

positron emission tomography temporal, parietal, and occipital lobes, thalami, basal ganglia, mid-brain, pons, and cerebellum) between patients
mitochondrial disease with Leigh syndrome and controls. The glucose uptake was decreased significantly in the cerebellum and basal
PET ganglia, which could explain the ataxia and dystonia in patients with Leigh syndrome. Although this study had
some limitations, FDG-PET might be useful for evaluating the brain dysfunction and treatment efficacy of new
drugs in patients with Leigh syndrome. Further study with more patients using advanced methods to quantify

glucose uptake is needed before drawing a conclusion.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction spasticity and ataxia, followed by abnormal ocular findings, feeding dif-
ficulties, epileptic seizures, respiratory dysfunction and mental retarda-

Leigh syndrome is one of the most common mitochondrial disorders tion [5]. Increased level of lactate in the cerebrospinal fluid is

in children. An estimated pre-school incidence in western Sweden is 1
per 34,000 births [1]. It is characterized by neuropathological findings
that include bilateral symmetrical lesions in the basal ganglia, thalamus,
and brainstem [2-4]. These lesions appear hypodense on computed to-
mography and show hyperintense signal on T2-weighted and
hypointense signal on T1-weighted magnetic resonance imaging
(MRI) [2-4]. A comprehensive multicenter study showed that the me-
dian age of disease onset is 7 months [5]. The most common clinical fea-
tures are abnormal motor findings such as hypotonia, dystonia,

* Corresponding author at: Department of Pediatric Neurology, Takuto Rehabilitation
Center for Children, 20 Shishioto, Akiu Yumoto, Taihakuku, Sendai 982-0241, Japan.
E-mail address: khaginoya@kha.biglobe.ne,jp (K. Haginoya).

http://dx.doi.org/10.1016/j.,jns.2016.02.008
0022-510X/© 2016 Elsevier B.V. All rights reserved.
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significantly correlated to a more severe disease course [5]. 39% of pa-
tients had died by the age of 21 years, at a median age of 2.4 years [5].
Recent advances in genetic research have shown that this devastating
disorder is caused by mitochondrial and nuclear DNA mutations [5].
Nevertheless, the genetic cause remains unidentified in 40% of patients,
in whom discovery of the cause is left for future whole exome sequenc-
ing studies [5].

Changes in the basal ganglia, thalamus, and brainstem detected
using MRI have long been thought of as one of landmarks for a clinical
diagnosis of Leigh syndrome [4], while the role of functional neuroimag-
ing, including single photon emission computed tomography (SPECT)
and positron emission tomography (PET), is not clear in patients with
Leigh syndrome [6-9]. Hexamethylpropylene amine oxime (HMPAOQ)-
SPECT showed decreased brain perfusion, especially in the cerebellum
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Table 1
Clinical summary and results of gene analysis of five patients with Leigh syndrome
Patient Sex Onset Ageat Initial symptoms  Gene Clinical symptoms at MRI findings at FDG-PET study FDG-PET findings Drugs at FDG-PET
no. FDG-PET analysis FDG-PET study study
1 M 1y 4y Tremor Not Intellectual disability, Nodular high intensity lesionsin ~ Decreased Vitamin B1, biotin,
done truncal ataxia, tremor the bilateral caudate, putamina metabolism in levodopa/carbidopa
and thalami on T2W1 bilateral thalami,
basal ganglia,
temporal lobes and
cerebellum
2 M 6y 7y Ophthalmoplegia, m. Epilepsy, ophthalmoplegia, Punctate and sparse high intensity Decreased Vitamin B1,biotin,
ptosis, squint T10191C ataxic gait, intellectual lesions in the bilateral putamina ~ metabolism in anticonvulsants,
disability and thalami on T2WI, diffuse high bilateral basal levodopa/carbidopa
intensity lesion in the mid brain ganglia
on T2WI
3 M 3y i1y Ataxic-dystonic m. Intellectual disability, Diffuse high intensity lesions in Decreased Vitamin B1,biotin,
gait T14887C truncal ataxia, dystonia, the bilateral caudate and metabolism in coenzyme Q,
ptosis, ophthalmoplegia, putamina on T2WI bilateral basal dichloroacetate
slurred speech ganglia, thalami,
temporal lobes and
mid brain
4 F 15y 12y Developmental m. Intellectual disability, Diffuse high intensity lesions i Decreased Vitamin B1, vitamin
delay T8993G  truncal ataxia, the bilateral caudate and metabolism in C, coenzyme Q,
ophthalmoplegia, slurred  putamina on T2WI, cerebellar bilateral basal vitamin B12
speech, bed ridden at atrophy ganglia, thalami,
febrile disorder temporal lobes and
cerebellum
5 M 2y 13y Ataxic gait m. Intellectual disability, Punctate high intensity lesionsin  Decreased Vitamin B1,vitamin
T8993G  truncal ataxia, dystonia, the bilateral caudate and metabolism in left C, biotin, coenzyme
spasticity of the legs, putamina on T2WI, cerebeliar frontal lobe, bilateral Q, arginine
hyperactivity, regression atrophy basal ganglia and
with febrile disorder cerebellum

and other structures|[7-9]. [*®F]flucrodeoxyglucose positron emission disease, including Leigh syndrome [8-9]. We studied five patients
tomography (FDG-PET) performed in one patient showed decreased with Leigh syndrome using FDG-PET to evaluate its usefulness for
glucose uptake in the putamen and caudate [6]. A recent study used understanding the functional brain dysfunction in this disease and
HMPAOQ-SPECT to evaluate new therapeutic agents for mitochondrial in future drug trials.

Fig. 1. Layout of the ROIs and the brain MRI (T2WI) in patient 1. ROIs were placed manually in the pons (1), mid brain (2), and bilateral cerebellar hemisphere (3) (at the slice level with the
maximurmn cerebellar hemisphere), thalami (4), basal ganglia (5), and lower temporal (6), lower frontal (7), mid temporal (8), mid frontal (9), occipital (10), upper frontal (11), and
parietal cortices (12). The MRI showed nodular high intensity lesions in the bilateral caudate, putamina and thalami on T2WI.
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2. Material and methods
2.1, Patients (Table 1)

This study enrolled five patients (four males, one female) who have
been followed at the Tohoku University Hospital and Takuto Rehabilita-
tion Center for Children. Table 1 lists the clinical features, MRI findings,
results of genetic testing as well as FDG-PET findings. The median age of
onset was 2 (range 1-6) years. The median age at the FDG-PET study
was 11 (range 4-13) years. There was a wide range of evaluation period
from the onset, which reflects the different timing of referrals of pa-
tients to our tertiary hospital. T2 weighted brain MRI showed high-
intensity areas in the putamen bilaterally in five patients, caudate bilat-
erally in four, thalamus bilaterally in two, and brainstem in one. Cerebel-
lar atrophy was observed in older two patients. All patients were taking
high-dose vitamins, including vitamin By (five patients), vitamin C
(two patients), biotin (four patients), and coenzyme Q10 (three pa-
tients). Two patients were taking levodopa/carbidopa and one
dichloroacetate. One patient was taking anticonvulsants. All patients
showed elevated levels of lactate and pyruvate in the cerebrospinal
fluid and blood. Four patients underwent gene analysis, which re-
vealed reported mitochondrial DNA mutations (m.T8993G in two,
m.T14887C in one, and m.T10191C in one). As disease controls,
seven epilepsy patients (median age 10 (range 6-16) years) who
had normal MRI and FDG-PET studies were selected. The clinical
FDG-PET study was performed on these patients because seizure

control was not achieved at this period, and the results were
ascertained as normal by both radiologist and pediatric neurologist.
The effects of antiepileptic drugs on the FDG-PET scans were considered
as minimum in these patients.

3. Methods

Positron emission tomography was performed 1 h after administer-
ing 3.1 MBq/kg '®F-FDG (minimum 74 MBq) using a Biograph Duo PET/
CT scanner (Siemens, Hoffman Estates, IL) after at least a 4-h fast with
intravenous midazolam sedation. There were no side effects of sedation.
Emission scans of the brain were performed for 10 min. For semiquan-
titative analysis of lesions with decreased '®F-FDG uptake, the mean
standard uptake value (SUV) based on body weight (g) was calculated
in each brain structure in each axial slice and converted into a value
based on lean body mass [10]:

SUV = tissueactivity concentration(Bq/mL)/[administered activity(Bq) /weight(g)].

Oval regions of interest (ROIs) were placed by a well-trained nuclear
physician (T.K.) on the pons, mid brain, and bilateral cerebellar hemi-
spheres (at the slice level with the maximum cerebellar hemisphere),
thalami, basal ganglia, and the lower temporal, lower frontal, mid tem-
poral, mid frontal, occipital, upper frontal, and parietal cortices (Fig. 1).
ROIs were carefully selected in each patient to minimize localization
bias between patients. Each ROI was subdivided into nine segments:

Fig. 2. Results of FDG-PET study in patients with Leigh syndrome. The images of FDG-PET (a-b, e-f, i-j, m-n) and MRI (T2WI) (c-d, g-h, k-1) of patient 1 (a~d), patient 4 (e-h) and patient 2
(i~1) and disease control (m-n) were shown. The glucose up take was reduced in the cerebellum in patients 1 and 4, bilateral basal ganglia in patient 1, 2 and 4, and temporal lobes in
patients 1 and 4. The cerebellar hypometabolism was observed even in a patient whose MRI showed no abnormalities (a-d).
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frontal (6 ROIs/person), temporal (4 ROIs/person), parietal (2 ROIs/per- segments, which were the average of ROIs in each region, between the
son), occipital (2 ROIs/person), thalamus (2 ROIs/person), basal ganglia patients with Leigh syndrome and disease controls. Statistical analysis
(2 ROIs/person), mid brain (1 ROI/person), pons (1 ROl/person), and was carried with Mann-Whitney's U test. Significance was set as
cerebellum (2 ROIs/person). We compared the SUV of the nine p<0.05.
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Fig. 3. Results of the statistical analysis of the SUV compared to the disease controls. In patients with Leigh syndrome, glucose uptake was decreased significantly in the cerebellum and

basal ganglia.
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This study was approved by the Ethics Committee of Tohoku Univer-
sity Hospital. Written informed consent on research PET scans was ob-
tained from the patients' families after a thorough explanation.

4. Results (Table 1, Figs. 2, 3)

The glucose up take of cerebellum was reduced in three patients, bi-
lateral thalami in three, bilateral basal ganglia in five, bilateral temporal
lobes in three and left frontal lobe in one. The cerebellar
hypometabolism was observed even in patients whose MRI showed
no abnormalities. The all patients with cerebellar hypometabolism
showed clinically evident ataxia. Dystonia was observed in two patients
at FDG-PET study although hypometabolism of the basal ganglia was
observed in all patients. As compared to the disease control, glucose up-
take was decreased significantly in the cerebellum and basal ganglia in
patients with Leigh syndrome.

5. Discussion

There are no effective treatment protocols for Leigh syndrome. To
develop an effective drug regimen, a standardized evaluation method
is essential. Previous studies used clinical scales such as the Newcastle
Pediatric Mitochondrial Disease Scale (NPMDS) [11] and HMPAO-
SPECT [8-9]. Of note, Blankenberg et al. reported that brain perfusion
was decreased in patients with Leigh syndrome, especially in the basal
ganglia, cerebellum and cortex. After a 3-month trial of a new agent, a
correlation between the perfusion changes in the cerebellum and im-
provement in the NPMDS score was seen [8]. Previously, we reported
a patient with Leigh syndrome who was treated with idebenone, the ef-
ficacy of which was evaluated with blood gas analysis, respirogram, and
a neurophysiological analysis [12].

The present study demonstrated significantly hypoactive glucose
metabolism in the cerebellum and basal ganglia, which could explain
the ataxia and dystonia in patients with Leigh syndrome. However,
the correlation between legions of hypoactive glucose metabolism and
clinical symptoms was not clear except for ataxia and cerebellar
hypometabolism, which needs further elucidation using a larger sample
size. The cerebellar hypometabolism was observed even in patients
whose MRI showed no abnormalities. This fact implies that FDG-PET
may have superior sensitivity at visualizing dysfunctional structures in
the brain. FDG-PET may be useful to understand the pathogenesis of
stroke-like episodes in patient with mitochondrial encephalopathy, lac-
tic acidosis, and stroke-like episodes (MELAS) [13]. Ikawa et al. postu-
lated that oxidative stress following hyperemia along with increased
glucose metabolism play crucial roles in the pathogenesis of MELAS
stroke-like episodes [13]. Molnar et al. also reported decreased cerebral
glucose uptake, especially in the occipital and temporal lobes in patients
with mitochondrial myopathy and neuropathy, chronic progressive ex-
ternal ophthalmoplegia (CPEO), and MELAS [14]. They showed that
there is no correlation between the decreased glucose metabolism and
the duration of the disease.

There were several limitations to this study. First, the ROIs were
placed manually, which means there are many unmeasured broad re-
gions outside the ROIs. This needs to be reconsidered with a fully auto-
mated ROI analysis. For more appropriate analysis, stastistical
parametric mapping (SPM) would have been validated the present re-
sults, which remains to be carried out. In addition, the high-dose vita-
mins and other drugs the patients were taking might have affected
the results. Finally, the sample size was small.

Nevertheless, we believe that FDG-PET might be useful for evaluat-
ing the brain dysfunction and treatment efficacy of new drugs in pa-
tients with Leigh syndrome. Further study with more patients using
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advanced methods to quantify the glucose uptake is needed before
drawing a conclusion.
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