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Brain imaging for oxidative stress and mitochondrial
dysfunction in neurodegenerative diseases

H. OKAZAWA, M. IKAWA, T. TSUJIKAWA, Y. KIYONO, M. YONEDA

Oxidative stress, one of the most probable molecular
mechanisms for neuronal impairment, is reported to
occur in the affected brain regions of various neuro-
degenerative diseases. Recently, many studies showed
evidence of a link between oxidative stress or mito-
chondrial damage and neuronal degeneration. Basic
in vitro experiments and postmortem studies demon-
strated that biomarkers for oxidative damage can
be observed in the pathogenic regions of the brain
and the affected neurons. Model animal studies also
showed oxidative damage associated with neuronal
degeneration. The molecular imaging method with
positron emission tomography (PET) is expected to
delineate oxidatively stressed microenvironments to
elucidate pathophysiological changes of the in vivo
brain; however, only a few studies have successfully
demonstrated enhanced stress in patients. Radioisoto-
pe copper labeled diacetyl-bis(/V+-methylthiosemicar-
bazone) (Cu-ATSM) may be the most promising can-
didate for this oxidative stress imaging. The tracer is
usually known as a hypoxic tissue imaging PET pro-
be, but the accumulation mechanism is based on the
electron rich environment induced by mitochondrial
impairment and/or microsomal over-reduction, and
thus it is considered to represent the oxidative stress
state correlated with the degree of disease severity. In
this review, Cu-ATSM PET is introduced in detail from
the basics to practical methods in clinical studies, as
well as recent clinical studies on cerebrovascular di-
seases and neurodegenerative diseases. Several other
PET probes are also introduced from the point of view
of neuronal oxidative stress imaging. These molecular
imaging methods should be promising tools to reveal
oxidative injuries in various brain diseases.

KEY wWORDS: Positron-emission tomography - Neuroimaging
- Oxidative stress.
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Oxidative stress is considered to be one of the
principal molecular mechanisms of neuronal
impaired and degenerative conditions in various
neurodegenerative diseases such as parkinsonian
syndromes, motor neuron diseases including amyo-
trophic lateral sclerosis (ALS), Alzheimer’s disease
and other dementias.! There are a number of basic
studies indicating that oxidative stress plays a major
role in neuro-degeneration and astrocyte dysfunc-
tion in model animals and in vitro experiments.
Postmortem studies also demonstrated the brain
oxidative damage in these diseases pathologically
and biochemically.24 However, only a few reports
demonstrated visual evidence of oxidative stress oc-
curred in the in vivo human brains of those patients.

Oxidative stress is induced by various causes
and mechanisms such as mitochondrial dysfunc-
tion, inflammatory changes and environmental tox-
ins. Classically, it is defined as an imbalance of the
reduction-oxidation (redox) state, where generation
of reactive oxygen species (ROS) exceeds the ca-
pacity of cellular antioxidant defense systems. When
the ROS exceed this capacity, the oxidative stress
induces neuronal degeneration, as well as apoptosis
or cell death in the brain5 6 The central nervous
system is vulnerable to excessive oxidation, because
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neurons and glial cells require immense energy and
oxygen consumption, but the brain has fewer anti-
oxidant defense systems compared with other or-
gans.” Excessive pmdm tion of ROS provokes oxida-
tive stress, which leads to damage to nucleic acids,
proteins, and lipids, and these processes result in
cellular dysfunction.

A ot of findings in previous papers suggested
significant effects of oxidative stress on degenera-
tive changes in the brain and spinal cord in neu-
ronal disorders; however, the degree of oxidative
injury in the neurc;de:gencmtion process of in vivo
patients’ brains has been difficult to evaluate. One
of the major causes of enhanced ROS production
and oxidative stress is an over-reduction state due to
impairment of the mitochondrial respiratory chain,
which induces leakage of excessive electrons. In-
deed hypoxic changes in the brain due to vascular
impairment are one of the representative conditions
of oxidative injury and mitochondrial dysfunction.
Several ligands have been developed for in vivo mo-
lecular imaging to determine hypoxic tissues in the
brain and myocardium, as well as tumor hypoxia.
However, whether these tracers for hypoxic tissue
imaging are equally suitable to delineate oxidative
stress conditions in the brain regions of pathologic
changes is still controversial and remains unclear.

Molecular brain imaging for oxidative
stress and mitochondrial dysfunction

A lot of ligands have been developed for visuali-
zation of hypoxic conditions in the brain, myocar-
dium and other organs, as well as hypoxic tissues in
tumors. Some of the representative probes for posi-
tron emission tomography (PET) are nitroimidazole
analogs, such as ['8F]- fluoromisonidazole (*8F-FMI-
SO), [¥F]-fluoroerythronitroimidazole (*8F-FETNIM),
1-(5-[8F]  fluoro-5-deoxy-a-D-arabinofuranosyl)-2-
nitroimidazol (I8F-FAZA), [*8F]-1-(2-fluoro-1- [hy-
droxylmethyllethoxy)methyl-2-nitroimidazole (18F-
FRP170), and so on.8 BF-FMISO, the most widely
used hypoxia imaging tracer, was proposed as a
PET tracer to determine tumor hypoxia in vivo in
1984.8 Many studies have been published on a re-
lationship between tumor hypoxia and BF-FMISO
PET including tracer accumulation mechanism and
kinetic analysis; however, studies on its applica-
tion to brain hypoxia and ischemic change were
relatively limited.9-12 18F-FMISO has high enough
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lipophilicity for penetration of the cell membrane
casily, and receives a reversible mng,l{,, -electron
reduction by nitroreductase enzymes in the mito-

chondrial electron transport chain? Its retention
is dependent on the absence of molecular oxygen
which induce re-oxidization and washout of th(,
tracer, and thus, the accumulation usually reflects
a decrease in tissue oxygen tension. The mecha-
nism of tracer retention may indicate that 8F-FM-
ISO and related compounds are ideal probes for
hypoxic tissue imaging; however, because of the
slow tracer kinetics and prolonged washout, target-
to-background contrast is hampered.!* The second
generation of nitroimidazoles for PET, such as 8F-
FETNIM and #F-FAZA, were developed to achieve
better contrast of the hypoxic region.® The poor
contrast may be a drawback of the slight changes
in brain imaging of neuronal degenerative changes
and oxidative stress.

Another promising hypoxic tissue imaging probe
is radioactive copper labeled diacetyl-bis(/Vi- meth-
ylthiosemicarbazone) (Cu-ATSM), which was devel-
oped to delineate an over-reduction state in cells or
tissues caused by impairment of mitochondrial res-
piratory chanes.’>17 This PET tracer can be used for
imaging of mitochondrial dysfunction, which induc-
es oxidative stress, because of its mechanism of ac-
cumulation, in addition to tumor hypoxic tissue im-
aging.18.19 A lot of studics have been published using
Cu-ATSM to visualize tumor hypoxia, and ischemic
myocardial and cerebrovascular diseases.20-30 One
of the advantages of this tracer is the wide variety
of radioactive copper isotopes for labeling. Several
radioactive copper isotopes with different half-lives,
such as 60Cu, 61Cu, 62Cu, #iCu and ¢7Cu, can be used
for labeling the tracer depending on the purposes
of studies and settings at each institute, hospital, or
clinical or basic research facility.3! Tracer accumula-
tion occurs within 5 min after the intravenous injec-
tion, and tracer distribution is not affected by differ-
ent types of the copper isotopes used for labeling
except for the background activity determined by
the waiting time for the tracer washout.?, 32 A shorter
half-life radiotracer enables repeated PET scans for
a single patient within a day, and a longer half-life
tracer provides possibility of long time dynamic and
follow-up scans with multiple frames. We used 62Cu,
a generator-derived radionuclide, for Cu-ATSM stud-
ies. The daughter radionuclide of 62Cu has a half-life
of 10 min and the parent radionuclide of 62Zn has a
longer half-life of 9 hours. Thus, the tracer can be
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eluted from a generator system every hour during a
whole day for clinical use.15. 16

Cu-ATSM is a stable Cu(ID) complex developed as
an hypoxia-selective imaging compound with a high
membrane permeability due to its high lipophilicity.
The retention mechanism of radioisotopes in cells is
based on reduction of copper from a divalent form
[Cu(ID] to a monovalent form [Cu(D] under exces-
sively over-reduced microenvironments such as hy-
poxia and oxidative stress. The reduced Cu(l) dis-
sociates from the ATSM complex and is eventually
trapped irreversibly in the cells.!5 16 2224 Previous
studies reported that in the hypoxic myocardium,
a high concentration of nicotinamide adenine di-
nucleotide (NADH) resulted in Cu-ATSM accumu-
lation through reduction of radioactive copper by
a mitochondrial electron transport chain enzyme
(NADH dehydrogenase) in an NADH-dependent
manner.!5 21 The retention mechanism in the hy-
poxic brain tissue is assumed to be similar to that
in myocardial hypoxia. On the other hand, in tumor
cells, Cu-ATSM reduction is reported to be mediated
by NADH cytochrome b5 reductase and/or nicotina-
mide adenine dinucleotide phosphate (NADPH) cy-
tochrome P450 reductase located in the microsome/
cytosol fraction, rather than in the mitochondria, in
an NADH/NADPH-dependent manner.18

Recently, Holland et al. showed that the hypoxia
selectivity of Cu-ATSM arises due to a delicate equi-
librium using advanced spectroelectrochemical tech-
niques with computational analysis.? 34 In their ex-
periment, the rate of reduction, which is presumed
to be enzyme-mediated, re-oxidation and protonation
in cells or tissues are fast relative to the rate of pH-
mediated ligand dissociation. These results indicate
that the accumulation of Cu-ATSM may not directly
delineate reduction of oxygen tension, or rather, the
presence of a high NADH/NADPH concentration
with dynamic changes in intracellular pH induced
by over-reduction of tissues under oxidative stress.
These regions still maintain a viable, but damaged,
mitochondrial or microsomal enzyme system. Thus,
the accumulation of Cu-ATSM in the brain mainly
depends on mitochondrial function rather than oxy-
gen tension, which is the most different point from
the accumulation mechanism of nitroimidazole com-
pounds. Indeed, basic in vitro experiments showed
that an increase in %4Cu-ATSM retention was observed
in cell lines under an over-reduction condition due
to mitochondrial respiratory chain failure.17.19 These
studies demonstrated that an over-reduction state in-
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duced high levels of Cu-ATSM retention, indicating the
possibility of oxidative stress imaging. Moreover, our
previous reports showed an elevation of 2Cu-ATSM
accumulation in iz vivo brains of ischemic changes
in cerebrovascular diseases and neurodegenerative
disorders, which was assumed to be induced by oxi-
dative stress.?’. 28, 30 Based on all of these findings,
Cu-ATSM seems to be a promising PET ligand for in
vivo delineation of oxidative stress conditions in the
brain in neuronal disorders.

Development of direct ROS imaging in tissues has
also recently been started for PET. Chu et al. devel-
oped a new PET tracer for ROS imaging, which was
selectively oxidized by superoxide, but not by other
ROS, which may be able to achieve specific oxi-
dative stress imaging caused only by superoxide.3s
Further studies are expected to develop direct ROS
imaging in vivo.

PET procedure for 2Cu-ATSM

There are several options for imaging of oxida-
tive stress in human brains iz vivo; one of the most
promising PET tracers should be 62Cu labeled Cu-
ATSM because of its user friendly features. 62Cu solu-
tion is available every hour eluted from a 62Zn/62Cu
generator system based on the transient equilibrium
of the longer half-life of the parent and the shorter
half-life of the daughter nuclide. $2Cu-ATSM can be
obtained by a simple mixture of 62Cu glycine solu-
tion and ATSM solution (0.5 mM in dimethyl sulfox-
ide) in a sterilized vial.15. 2830 The radiochemical pu-
rity of ©2Cu-ATSM is usually confirmed by the HPLC
method using authentic unlabeled Cu-ATSM.

62Cu-ATSM PET scans are performed for the whole
brain scanning with 20 to 30 min dynamic frames or
a list-mode protocol.?7. 28, 30 The PET scan is per-
formed with an intravenous slow injection of 444—
740 MBq 62Cu-ATSM, and the dynamic scan proce-
dure is started with a standard protocol of frame
durations; a short frame length in the early phase
and longer frames in the later phase. In our institute,
the PET data are reconstructed with a filtered back-
projection algorithm using a Hanning filter with a
resolution of 5.0 mm full width at half maximum
(FWHM) in the transaxial direction.

The 62Cu-ATSM images are usually converted
into semiquantitative images in a unit of standard-
ized uptake value (SUV). The SUV is the ratio of
the decay corrected radioactivity per unit volume
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of tissue to the adminisiered radioactivity per unit
of body weight [(lissue MBq / g)/(injection MBq
/ BW kg)|. Early- and delayed-phase images are
calculated by avua;,m;., the dynamic PET data for
the first 3 min and the last 10 or 20 min of frames,
respectively.?7 2650 The first 3 min average image
represents blood flow distr ibution in the brain and
the later phase image reflects final retention of
radioactive copper due to the reduction process.
The latter image can be used for evaluation of oxi-
dative stress c,losely linked with an over-reductive
state.?7, 30

In data analysis, the images can be applied to Sta-
tistical Parametric Mappmg (SPM; Wellcome Depart-
ment of Cognitive Neurology, London, UK) analysis
and/or the region of interest (ROD) methods. The
early phase image is usually used for anatomical
normalization because the tracer accumulation is
greater in this phase compared with the late phase
image.?® Using the parameters obtained from the an-
atomical transformation, the late phase image is also
normalized into the standard brain space. This trans-
formation process facilitates comparisons of relative
uptake across subjects. In the study of cerebrovas-
cular disease by Isazaki et al., delayed-to-early ra-
tio images of Cu-ATSM caleulated from a division
process of the delayed phase (i.e. retention image)
and the early phase (i.e. perfusion-like image) im-
ages provided new parametric information similar to
oxygen extraction fraction (OEF) images in '%O-gas
PET studies.?0

Different radioisotopes of copper can be applied
to the brain imaging depending on the purpose of
the study and facilities of the institute, but obtain-
ing initial phase PET data is recommended for addi-
tional information on brain structure and perfusion.

Imaging of cerebrovascular diseases

Ischemic cerebrovascular disease caused by sten-
otic or obstructive changes in the major cerebral ar-
teries may induce hemodynamic impairment, and
chronic impairment with cerebral hypoperfusion
may induce chronic oxidative stress, which finally
leads to hypoxic damage in the brain.36 37 The clas-
sical model of the dynamic physiological change
in cerebral hemodynamics has already been estab-
lished; vasodilatory compensation as the first step,
followed by the second step of cerebrovascular
disease called “misery perfusion”, a reduction of
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blood supply against the normal oxygen consump-
tion for energy metabolism. Substantial hypoxic
changes may occur after these steps and neurons
under impaired hemodynamics will be damaged.37
Oxidative stress should be observed in the later
phase of the second to the early third stage. OEF
increases in the misery perfusion phase, but the
cercbral metabolic rate of oxygen (CMRO,) re-
mains in normal range until the advanced stage
or later phase of misery perfusion. When oxida-
tive stress occurs, the failure of the respiratory
chain caused by mitochondrial damage provides
excessive electrons, and Cu-ATSM accumulation
increases in such conditions. Significantly high ac-
cumulation could be observed only in cases of irre-
versible mitochondrial damage;?” however, only a
slight increase in accumulation would be observed
in conditions of viable and reversible damage to
mitochondria. Since precise quantification of Cu-
ATSM brain images has not been established, rela-
tive accumulation images or the delayed-to-early
phase ratio images (see above) are usually used
for evaluation.’® The new pammcmc image of Cu-
ATSM delayed-to-early ratio is expected to provide
similar information to OFF, which is very useful
in evaluation of hemodynamic impairment. The
asymmetry index (AD of the delayed-to-early ratio
image is well correlated with that of OEF.30

An impressive case of mitochondrial myopathy,
encephalopathy, lactic acidosis and stroke-like epi-
sodes (MELAS) was reported recently, in which Cu-
ATSM PET showed different accumulation patterns
in various phases of acute, subacute and chronic
stages of strokes (Figure 1).27 MELAS is mamly
caused by an A-to-G transition at nucleotide posi-
tion 3243 (A3243G) in mitochondrial DNA (mtD-
NA).3 The strokes in these patients are caused by a
spastic stenotic change in the major cerebral arter-
ies, and a focal and spontaneous ischemic change
is induced. In the later acute to subacute phases of
the stroke, patients showed normal cerebral blood
flow and increased Cu-ATSM accumulation, indicat-
ing that oxidative stress and/or mitochondrial dys-
function occurred in the regions of stroke despite
no arterial stenoocclusive change at the time of the
PET scan.?7.39 In such conditions, the lactate level in
the region is increased in MR spectroscopy studies,
indicating hypoxic stress or neuronal damage has
taken place in the focal region of the stroke.40

Several studies using 8F-FMISO for in vivo im-
aging of hypoxic changes in the brain have been
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Figure 1.—Delayed phase 52Cu-ATSM PET (top) and corresponding MRI (bottom) for a patient with MELAS. (A) Subacute phase of stroke in
the left temporal lobe (arrow) shows high accumulation of 62Cu-ATSM. Note the old infarction in the right temporal lobe shows a decrease
in tracer uptake; B) acute phase of stroke shows moderate accumulation of 62Cu-ATSM (red square) and an increase in regional lactate

concentration on MR spectroscopy (C).

reported, but the findings are controversial.9-11, 41, 42
Takasawa et al. reported a preliminary study with
a middle cerebral artery (MCA) occlusion model of
rats using 18F-FMISO.? In their study, 18F-FMISO was
only accumulated under the regional condition of
reduced oxygen tension by obstruction of the artery.
Reperfusion by removing the MCA occluder washed
out the accumulated tracer due to re-oxygenation
of the affected brain regions. The results suggest-
ed that accumulation of 18F-FMISO was determined
simply by the oxygen tension regardless of the state
of oxidative stress in the affected tissue or cells. On
the other hand, Sarrafzadeh et al. reported high ac-
cumulation of BF-FMISO in affected region by an-
eurysmal subarachnoidal hemorrhage but preserved
blood flow measured by perfusion CT.10 They also
reported that no anaerobic metabolism was ob-
served in the high uptake region of 18F-FMISO ana-
lyzed by microdialysis.
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Parkinson’s disease

Parkinson’s disease is the second most common
age-related neurodegenerative disorder with a prev-
alence of 1-2% in the 65 years and older popula-
tion.#, 44 Depletion of striatal dopaminergic function
due to loss of neurons in the substantia nigra, and
appearance of Lewy bodies in the remaining neu-
rons are diagnostic neuropathologic findings.45, 46
Although the primary etiology and pathogenesis of
Parkinson’s disease remain unknown, a number of
studies have indicated that genetic and environmen-
tal factors, especially oxidative stress, contribute to
degenerative changes in the dopaminergic neurons
in this disease.4” Postmortem studies reported that
the brains of Parkinson’s disease patients showed
increases in the levels of 8-hydroxy-2’-deoxyguano-
sine (8-OHAG), protein carbonyls and/or 4-hydrox-
ynonenal (HNE), and lipid peroxidation products
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in the nigrostriatal dopaminergic system.® 4851 Ad-
ditionally, in a study with basic in vitro experiments,
Hashimoto et al. showed that ferric ion induced
a-synuclein aggregation, one of the major causes
of Parkinson’s disease, in the presence of hydrogen
peroxide. 52 Their result suggests that increased ROS
levels may contribute indirectly to the pathogenesis
of Parkinson’s discase by causing a-synuclein ag-
gregation, which can exacerbate further progression
of the disease, in addition to direct dopaminergic
depletion induced by neuronal damage.

In cases of autosomal recessive Parkinson’s dis-
ease, causal mutations such as parkin, PTEN-induced
putative kinase 1 (PINK1) and Parkinson protein 7
(PARK7, DJ-1), are associated with mitochondrial
protein.53-55 PINK1 is a mitochondrial kinase associ-
ated with protection against various stresses which

BRAIN IMAGING FOR OXIDATIVE STRESS AND MITOCHONDRIAL DYSFUNCTION

may induce mitochondrial dysfunction.’¢ Further-
more, reports on impairment of the mitochondrial
respiratory chain in the nigrostriatal system suggest
that mitochondrial damage also contributes pro-
foundly to facilitation of dopaminergic cell dysfunc-
tion owing to enhancement of oxidative stress.5” 58
Thus, mitochondrial dysfunction linked with oxida-
tive stress in the nigrostriatal dopaminergic system
is one of the most probable causes in Parkinson’s
disease, and visualization of mitochondrial impair-
ment under an oxidatively stressed microenviron-
ment should provide reliable pathophysiological
evidence of the disease.

Based on these assumptions, we applied oxida-
tive stress imaging to delineate striatal neuronal
damage and dopaminergic depletion in Parkin-
son’s disease.28 ©2Cu-ATSM PET was performed in

Figure 2.—Average images of younger healthy control (A, N.=6, mean age =3529 y), older healthy control (B, N.=10, mean age =618 y)
and patients with Parkinson’s disease (C, N.=15, mean age =708 y) in a 2Cu-ATSM PET study. The striatum shows increased 2Cu-ATSM
accumulation in older people compared with younger people, and significant elevation in patients. Images suggest increases in oxidative
stress associated with age and degenerative changes. Top: transaxial view; bottom: coronal view.
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groups of patients with sporadic Parkinson’s disease
and healthy controls, and the results showed a sig-
nificant increase in striatal tracer accumulation in
the patient group (Figure 2). The result indicated
that mitochondrial impairment in the nigrostriatal
dopaminergic neuron system was probably induced
by oxidative stress and the in vivo oxidative damage
was visualized successfully using Cu-ATSM PET.

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is the most
common motor neuron disease in adults, and a fatal
neurological disease characterized by the progres-
sive degeneration of both upper and lower motor
neurons.3 5 Various pathophysiological mechanisms
have been proposed as contributors to sporadic ALS,
such as glutamate excitotoxicity, protein aggrega-
tion, disruption of axonal transport, RNA processing
defects, endoplasmic reticulum stress, and inflam-
mation, as well as mitochondrial dysfunction.6® Al-
though the definitive cause of the disease remains
unknown in sporadic ALS without a genetic compo-
nent, various postmortem and biochemical investi-
gations showed that oxidative stress and mitochon-
drial mitochondrial damage were very likely to be

OKAZAWA

the most probable and principal molecular mecha-
nism of motor neuron degeneration in ALS.3, 61, 62

Several postmortem studies reported that the
brains of ALS patients showed increased levels of
8-OHdG, protein carbonyls or 4-HNE-histidine in
the motor cortex and/or spinal cord, which are
similar findings to the nigrostriatal dopaminergic
neurons in Parkinson’s disease.$366 Concentrations
of 8-OHdG or 4-HNE in the blood, urine, and CSF
of ALS patients were also reported to be increased
compared with healthy controls in recent studies.67-69
In addition, the studies showed a positive correla-
tion between serum 4-HNE or urine 8-OHdG levels
and severity of disease or clinical stage evaluated
by the ALSFRS-R score in ALS.7. 6 However, these
biochemical or pathological studies merely provide
collateral evidence and do not identify the brain re-
gions of oxidative stress in living patients.

On the basis of these findings from in vitro stud-
ies, 62Cu-ATSM PET was performed to visualize brain
regions of oxidative stress in patients with ALS.70
In the study, we demonstrated that ALS patients
showed greater tracer accumulation in the motor
neuron related areas, including the bilateral cortical
regions of the right superior parietal lobes, as well
as the motor cortex, compared with healthy controls
(Figure 3). The results were consistent with findings

A

B

Figure 3.—Enhancement of $2Cu-ATSM accumulation in patients with ALS (N.=12) compared with age-matched healthy controls (N.=10).
Bilateral motor neuron-related regions (A, right hemisphere, B, left hemisphere) are presented.
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of previous basic studies. Most of the regions with
high uptake around the central sulcus may be re-
lated to motor neurons because primary motor neu-
rons are considered to be included not only in the
precentral gyrus, but also in the postcentral gyrus
and paracentral lobule.”! Furthermore, 9Cu-ATSM
accumulation in these regions was we 1l correlated
with the clinical severity of the patients evaluated
by the ALSFRS-R score. This result suggests that the
degree of oxidative stress and mitochondrial dys-
function may be closely associated with the progres-
sion of motor neuron degeneration and the severity
of disease in the ALS brain.? This finding is also
in line with a previous ¥F-FDG PET study observ-

ing changes in glucose metabolism in the brains of

ALS patients. Pagani et al. studied FDG-PET in ALS
patients to evaluate brain glucose metabolism and
demonstrated increased FDG accumulation in the
brain stem and hypometabolism in the frontal and
occipital cortices.”2 7% The results suggest that oxida-
tive stress and mitochondrial dysfunction induced
neuronal loss and facilitated anaerobic glycolysis, an
inefficient pathway of energy metabolism, in the re-
maining motor-related brain regions which caused a
relative increase in glucose consumption.

Recently, molecular imaging for neuroinflammation
was applied to the brains of ALS patients. PET scans
were performed for patients with sporadic ALS using
a mdlohgcmd for the imaging of translocator protein
(TSPO) to elucidate activated microglia and reactive
astrocytes.” The study by Corcia et al. showed en-
hanced neuroinflammation in several cortical re-
gions, including the primary motor, supplementary
motor, and temporal cortices, at an early stage of the
disease. Neuroinflammation induced by oxidative
stress may occur concurrently, which encompasses
neurodegeneration in the brains of ALS. Furthermore,
PET studies using "'C-flumazenil or 1'C-WAY100635
showed reduced neuronal density in the frontal and
parietal motor cortex and extra-motor areas in ALS
patients.” 76 In SPECT studies of Parkinson’s disease,
patients tend to show increased perfusion in the basal
ganglia because of their hyper-metabolism,” and this
may affect the initial uptake of Cu-ATSM. However,
motor neuron areas in ALS do not show an increase
in blood flow, and thus, the increase in Cu-ATSM up-
take seems to simply reflect oxidative stress or mito-
chondrial dysfunction in the brain region. Consider-
ing these results, the increased 62Cu-ATSM uptake in
the motor regions may be a good surrogate marker
for assessment of ALS severity.
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Alzheimer’s disease and other dementias

Alzheimer’s disease is the predominant clinical
and pathological state of dementia and the most
common age-related neurodegenerative disorder,
Global multi-institutional clinical studies are on go-
ing in many countries, as well as local communi-
ties, The pathogeny of the disease is assumed to be
extracellular aggregated deposits of amyloid-f (AB)
peptides and neurofibrillary tangles caused by intra-
cellular aggregated tau protein.” Thus, various AP
imaging probes have been developed for imaging
of Alzheimer’s disease and several promising PET
tracers, such as HC-PiB (Pittsburg compound-B), 18F-
flutemetamole and 18F-florbetapir, have already been
widely used in clinical studies. Recently, tau-imag-
ing probes were also developed and relevance with
pathologic evidence of Alzheimer’s disease was re-
pcxtcd 7981 On the other hand, fibrillar AP deposi-
tion in the mitochondria, which causes mitochondri-
al dysfunction, is also reported to play an important
role in the pathogenesis of Alzheimer’s disease.78:82-84
Oxidative stress and mitochondrial dysfunction are
considered to be major indirect events for hyper-
phosphorylation of tau protein. However, oxidative
stress imaging for Alzheimer’s disease, as well as
other dementias, has not yet been reported. Inves-
tigation of the relationship between progression of
disease and state of oxidative damage and/or mito-
chondrial impaired function would be a good target
for future clinical studies.

Conclusions

Mitochondrial dysfunction and accompanying ox-
idative injury are considered to be major direct or
indirect causes in most neurodegenerative diseas-
es.% Radioactive copper labeled Cu-ATSM is a prom-
ising PET tracer which can delineate information on
cerebral oxidative stress and mitochondrial impair-
ment noninvasively in those diseases. Cu-ATSM PET
can detect affected brain regions by oxidative stress
under over-reductive environment in patients and
provide valuable information on the pathogenesis of
disease. It may also be useful to monitor and follow-
up antioxidant treatment for neurodegenerative dis-
orders associated with oxidative injury in the near
future. Selective molecular imaging probes targeting
ROS are also expected as a new option for oxidative
stress imaging.
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