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Abstract

Animal data suggest that the widely abused psychostimulant
methamphetamine can damage brain dopamine neurones by
causing dopamine-dependent oxidative stress; however, the
relevance to human methamphetamine users is unclear. We
measured levels of key antioxidant defences [reduced (GSH)
and oxidized (GSSG) glutathione, six major GSH system
enzymes, copper-zinc superoxide dismutase (CuzZnSOD),
uric acid] that are often altered after exposure to oxidative
stress, in autopsied brain of human methamphetamine users
and matched controls. Changes in the total (n = 20) meth-
amphetamine group were limited to the dopamine-rich caud-
ate (the striatal subdivision with the most severe dopamine
loss) in which only activity of CuZnSOD (+ 14%) and GSSG
levels (+ 58%) were changed. In the six methamphetamine

users with severe (— 72 to —97%) caudate dopamine loss,
caudate CuZnSOD activity (+ 20%) and uric acid levels
(+ 63%) were increased with a trend for decreased (— 35%)
GSH concentration. Our data suggest that brain levels of
many antioxidant systems are preserved in methampheta-
mine users and that GSH depletion, commonly observed
during severe oxidative stress, might occur only with severe
dopamine loss. Increased CuZnSOD and uric acid might
reflect compensatory responses to oxidative stress. Future
studies are necessary to establish whether these changes are
associated with oxidative brain damage in human metham-
phetamine users.
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Methamphetamine (MA) is a widely abused drug that
causes the release in human brain of the neurotransmitter
dopamine (Laruelle et al. 1995; Martinez et al. 2003), an
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action considered to explain, at least in part, the euphoric
effects of the psychostimulant (Wise 1996).

In experimental animals, high doses of MA can lead to a
persistent, possibly reversible reduction of dopamine and
other biochemical markers of dopamine neuronal integrity in
the striatal (caudate, putamen) nerve terminal (Fibiger and
McGeer 1971; Seiden et al. 1975/1976; Frey et al. 1997;
Harvey et al. 2000a,b). However, unlike the pathology of
idiopathic Parkinson’s disease, the brain morphological
changes following MA exposure do not include obvious
loss of pigmented dopamine cell bodies in substantia nigra of
either experimental animals (Woolverton et al. 1989; Linder
et al. 1995; but see Harvey et al. 2000b; Sonsalla et al.
1996) or of humans (Wilson et al. 1996; Moszczynska et al.
2004). The animal findings of long-term reduction of brain
dopaminergic markers, together with histological signs
suggestive of nerve terminal injury following acute MA
exposure (Linder et al. 1995), have led to the conclusion that
MA damages brain dopamine nerve endings.

In human forensically confirmed MA users who had
recently used the drug, we originally reported a post-mortem
striatal loss of three dopamine nerve terminal markers
[dopamine, dopamine transporter (DAT), tyrosine hydroxy-
lase (EC 1.14.16.2)], but normal levels of two other markers
[dopa decarboxylase (EC 4.1.1.28), vesicular monoamine
transporter (VMAT2)]. The latter appears, at least in experi-
mental animals, to be a relatively stable marker of striatal
dopamine nerve terminal integrity (Wilson et al. 1996 and
references therein). Subsequent brain imaging studies (by
positron emission tomography) in self-reported (i.e. not
forensically confirmed) MA users withdrawn from the drug
confirmed the DAT reduction (McCann et al. 1998; Sekine
et al. 2001; Volkow et al. 2001a,b) and demonstrated, in a
preliminary investigation, the finding that striatal VMAT2
levels are, at most, only slightly decreased (C. Schuster, C-E.
Johanson and K. Frey, personal communication). However,
because of the possibility that striatal levels of the
dopaminergic markers might change independently of chan-
ges in number of dopamine nerve terminals (Harvey et al.
2000b), the question of whether MA causes actual physical
loss of dopamine nerve endings in human brain remains
unanswered.

Although the mechanism by which MA might damage
brain dopamine neurones is not understood, much animal
data suggest that an early event is oxidative stress, possibly
related to the excessive release or intraneuronal mobilization
of dopamine and formation of toxic dopamine-derived
oxyradicals (see Cadet and Brannock 1998 for review). In
this regard, our finding that striatal dopamine can be
decreased by up to 97% in post-mortem brain of some MA
users who had recently used the drug (Wilson et al. 1996;
Moszczynska et al. 2004) implies a massive release and
metabolism of striatal dopamine, and the likelihood of some
dopamine-related oxidative stress.
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The major objective of our post-mortem brain investiga-
tion was therefore to establish whether levels of indices
sensitive to oxidative stress are selectively altered in striatum
of MA users, and whether the extent of changes might be
related to the dopamine reduction. It is not yet possible to
measure oxidative stress directly in either living or post-
mortem human brain. However, measurement of brain levels
of components of antioxidant systems, such as glutathione
and its metabolizing enzymes (Sen 1997), superoxide
dismutase (Yoo et al. 1999) and uric acid (Desole et al.
1995a,b), which are often altered in a characteristic direction
after exposure to oxidative stress, can provide information
suggesting that oxidative stress had occurred. As changes in
antioxidant system concentrations have also been reported in
brain of MA-exposed animals (glutathione system: Jayanthi
et al. 1998; Moszczynska et al. 1998; Kim et al. 1999;
Harold et al. 2000; superoxide dismutase: Acikgoz et al.
1998, 2000; Kim et al. 1999; uric acid: Yamamoto and Zhu
1998), we measured levels of reduced (GSH) and oxidized
(GSSG) glutathione, six enzymes involved in GSH metabo-
lism [glutathione peroxidase (EC 1.11.1.9) (GPx), glutathi-
one reductase (EC 1.8.1.7) (GR), y-glutamyltranspeptidase
(EC 23.22) (y-GTP), glutathione S-transferase (EC
2.5.1.18) (GST), glucose-6-phosphate dehydrogenase (EC
1.1.1.49) (G6PD) and vy-glutamylcysteine synthetase
(EC 6.3.2.2) (y-GCS)], copper—zinc superoxide dismutase
(EC 1.15.1.1) (CuZnSOD) and uric acid in autopsied brain of
chronic MA users. As oxidative stress caused by MA is
likely to occur during or shortly after MA exposure (Cubells
et al. 1994; Yokoyama et al. 1997; Yamamoto and Zhu
1998), subjects were restricted to those who tested positive at
autopsy for MA in blood and brain. Given the experimental
finding that GSH levels can be decreased following severe
oxidative stress (Moszczynska et al. 1998; Kim et al. 1999),
our major hypothesis was that striatal GSH levels would be
decreased in brain of the human MA users.

Materials and methods

Subjects and brain material

Post-mortem brain material from MA users (n = 20) and control
subjects (n = 16) was obtained from medical examiner offices in the
US and Canada. The control and MA groups were matched with
respect to age (mean = SEM, controls 35.1 £ 2.7 years; MA users
31.4 + 1.9 years), post-mortem interval between death and autopsy
(mean = SEM, controls 13.7 £ 1.7 h; MA users 14.6 + 1.5 h)
(p > 0.1, Student’s two-tailed #-test) and sex (controls 14M : 2F;
MA users 15M : 5F) (p > 0.1, * test with Yates® correction).

All MA users had evidence, from the medical examiner
investigation and/or structured interview with the next of kin, of
use of MA as the primary drug of abuse for at least 1 year; presence
of MA [assessed by GC-MS (Wilson et al. 1996)] in blood, brain
(occipital cortex) and, in the 14 of 20 MA users from whom hair was
available, in sequential scalp hair samples; and absence, at autopsy,
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of brain pathology unrelated to MA use. Sixteen MA users tested
negative for other drugs of abuse, including alcohol in blood, hair
and brain; and for other psychostimulants, opiates, PCP (phencyc-
lidine). Heroin or cocaine and/or their metabolites were also
detected in blood and brain of three subjects (559, 726, 478) and
in hair of four subjects (559, 726, 478, 678). The suspected or
known causes of death of MA users were acute aortic dissection
(n = 1), gunshot wounds to chest (n = 2), severe coronary artery
atherosclerosis with MA toxicity as a possible contributing factor
(n = 2), multiple drug toxicity (» = 3) and MA intoxication
(n = 12). Examination of the body at autopsy (mean 15 h after
death) revealed no evidence of hyperthermia, with the exception of
one subject who had a raised temperature. All control subjects were
neurologically normal, had no history of drug use and tested
negative for any drug of abuse in blood, autopsied brain and, in the
14 subjects for whom scalp hair was available, sequential scalp hair
samples. The causes of death of control subjects were electrocution
(n = 1), cut throat (n = 1) morbid obesity (» = 1), trauma (n = 3),
pulmonary embolism (n = 2), cardiomyopathy (n = 2) and athero-
sclerotic cardiovascular disease (n = 6).

At autopsy, one half of the brain was fixed in formalin fixative
whereas the other half was immediately frozen until dissection.
Brain neuropathological analysis of the MA users and of the control
subjects showed no significant abnormalities in any brain area, with

Table 1 Subject information and drug histories of 20 chronic MA users

the exception of prominent gliosis in the putamen in subject 879 and
mild gliosis in the substantia nigra in subject 478. However, detailed
quantitative assessment of gliosis was not performed, allowing for
the possibility that some above-normal gliosis in brain of MA users
might have occurred that could not be detected by routine
histological analysis. For the biochemical analyses brain areas were
excised using Brodmann classification and the atlas of Riley (1960).
For some assays, a sample of white matter taken dorsal to the
anterior head of the caudate was excised.

Drug history, drug concentrations in post-mortem tissue, brain
neuropathological findings, and striatal dopamine levels of the 20
MA users have been reported previously (Wilson et al. 1996;
Moszczynska et al. 2004). In the group of 20 MA users, we reported
that mean striatal dopamine levels were reduced by 50% in putamen
and by 61% in caudate compared with control levels (Moszczynska
et al. 2004). Some demographic information on the MA users,
together with dopamine levels in caudate nucleus expressed as a
percentage of control values, are provided in Table 1.

In order to establish whether levels of the biochemical outcome
measures were similar in living and autopsied brain, biopsied
temporal cortex was obtained from three patients immediately
following operations for the treatment of intractable hippocampal
focal epilepsy (mean £ SEM 31.0 + 6.1 years of age; 2M : 1F). The
biopsied tissue was taken from non-epileptic lateral temporal

Age Years of Amount/pattern Route of Suspected/known Dopamine in

Case® Sex (years) MA use of recent MA use administration cause of death caudate (%)°
374 F 34 10 $10 per day, daily nasal acute MA toxicity -77
375 M 36 > 10 ~ once per month nasal and i.v. acute MA toxicity — 44
407 M 22 8 daily, if money available iLv. acute MA toxicity -13
422 M 42 > 20 3—4 times per week oral and nasal acute MA toxicity - 51
424 M 20 1 unknown oral acute MA toxicity - 53
442 M 28 16 binges for 2-3 days, i.v. and smoking gunshot wound to chest - 68

7—-10 days apart
448 M 39 23 daily, 4-5 hits per day i.v. gunshot wound to chest - 95
510 M 28 10 every 2 weeks iv. acute MA toxicity - 57
523 F 44 10 1-2 lines per day nasal coronary artery atherosclerosis - 57
590 M 33 18 daily, limited only by funds smoking, oral and nasal coronary artery atherosclerosis - 45
524 M 20 3-4 chronic user, probably daily oral and nasal acute MA toxicity - 51
447 F 44 15 line every 2weeks nasal acute MA toxicity - 82
677 M 29 >8 daily, 1/4 g per day nasal acute aortic dissection - 67
767 M 35 > 1 unknown unknown acute MA toxicity -85
867 F 39 15 every few days oral and i.v. acute MA toxicity - 55
879 M 26 > 1 unknown unknown acute MA toxicity - 42
559° M 26 10 binges for 3—4 days, i.v. acute multiple drug toxicity -73

few weeks apart;

2-3 days MA, 1 day heroin
678° M 30 > 1 MA: unknown, cocaine: unknown i.v. acute MA toxicity -97
726° F 15 >1 MA: unknown, heroin: unknown  i.v. acute multiple drug toxicity - 51
478° M 37 8 MA: unknown, cocaine: oral and nasal acute multiple drug toxicity - 54

2-3 times/week

For cases 523, 590, and 677 MA toxicity was considered to be a possible contributing factor to the cause of death. # The 20 MA users were originally
described in Wilson et al. (1996) and Moszczynska et al. (2004). ® MA users who tested positive for other drugs (cocaine and/or heroin) in addition to
MA in blood, brain and/or hair. © Dopamine levels in MA users are expressed as percentage change of the control mean and were calculated from
values provided in Wilson et al. (1996) and Moszczynska et al. (2004), and are reproduced by permission of Oxford University Press.
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regions that, by anatomical necessity, were excised (and frozen
within 15 min) during an anterior temporal lobectomy (Kish et al.
1988).

Biochemical assays

Tissue homogenization

For the HPLC assay of GSH and metabolites, uric acid and
methionine, brain tissue (3040 mg) was homogenized on ice, in
300 pL NaH,PO4 (10 mm) containing octane sulfonate (0.05 mm)
using a Bronwill Biosonic Sonicator (Bronwill Scientific, Rochester,
NY, USA). Proteins were precipitated by addition of an equivalent
volume of ice-cold methanol and incubated at 0°C for 15 min. The
homogenates were then centrifuged at 17 000 g for 15 min, the
supernatant removed and diluted with five volumes NaH,PO, and
filtered (0.25 pm, syringe filter) before injection. For the enzyme
spectrophotometric assays and western blotting analysis, adjacent
tissue samples (40 mg) from each brain area were homogenized by
sonication at 0°C in 10 volumes (w/v) of ice-cold distilled water.
Each homogenate was divided into three portions: one portion was
taken for y-GCS immunolabelling; to the two other portions was
added one volume of phosphate-based (for GPx, GR, GST and
CuZnSOD assay) [0.04 M K,HPO,, pH 7.0, 0.2 M KCI, 2 mm
EDTA, 1% (v/v) Triton X-100] or Tris-based (for G6PD and y-
GTP assay) [0.2 m Tris-HCI, pH 8.0, 1% (v/v) Triton X-100]
homogenization buffer. The tissue sample homogenates were
sonicated again, divided (for each assay and determination of protein
content), and stored at — 80°C until assayed, with the exception of
G6PD which was assayed on the same day.

Glutathione and its metabolites, uric acid, and methionine
The levels of GSH, GSSG, GSH-cysteine mixed disulfide (a
metabolite of GSH) and uric acid, as well as methionine, an amino
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acid used to provide a general index of post-mortem protein
degradation (Perry et al. 1981), were measured by HPLC with
electrochemical detection (minor modifications of Harvey et al.
1989; Fitzmaurice et al. 2003). The eluent consisted of 10 mm
NaH,PO, and 0.05 mm octane sulfonate adjusted to pH 2.7 using
12 M phosphoric acid and 6.9% methanol, at a flow rate of 1 mL/min
and a reverse-phase ODS spherosorb column (250 x 4.7 mm, 5 um)
(Hichrom, Theale, Berkshire, UK).

Glutathione metabolizing and related enzymes

Because the enzymes in our investigation had not been fully
characterized in autopsied human brain, we first determined
Michaelis constants (K,,) for the substrates and maximal velocity
(Vimax) values, and established that enzyme activity was linear with
respect to time and protein homogenate concentration, and was
inhibited by known inhibitors of the enzyme (Table 2).

GPx activity was measured by a modified spectrophotometric
procedure (Paglia and Valentine 1967) with the reaction mixture
containing 0.1 m K,HPO4 (pH 7.0), 4 mm EDTA,1.2 mm NaNj,
10 mm GSH, 1 unit GR, 0.15 mm NADPH, 0.1 mm H,0O, and brain
tissue homogenate (3 mg wet tissue) in a final volume of 1 mL. The
reaction was initiated by addition of H,O, and the decrease in
absorbance at 340 nm was monitored at 37°C. The results were
corrected for non-enzymatic oxidation of GSH and NADPH by
H,0,. GR activity was measured by a modified spectrophotometric
method (Smith e al. 1988) in a reaction mixture containing 0.1 M
K,HPO, (pH 7.0), 1 mm EDTA, 0.06 mMm 5,5 -dithiobis(2-nitroben-
zoic acid), 2 mm GSSG, 0.15 mm NADPH and brain tissue
homogenate (3 mg wet tissue) in a final volume of 1 mL. The
reaction was initiated by addition of NADPH and the increase in
absorbance at 412 nm was monitored at 37°C. To correct for non-
specific oxidation of NADPH, a no-GSSG blank was used as a
baseline. For measurement of G6PD activity (modified spectropho-

Table 2 Kinetic parameters and inhibition

characteristics of five glutathione system nzyme  Substrate  Co-substrate K Vimax [Cso
enzymes in control human cerebral cortex GPx GSH 0.1 mM H,0, 12.0 + 1.1 mM 256 + 6 64.4 + 7.2 iM
H>0, 10 mM GSH 40.0 + 2.1 uM 184 + 25
GR GSSG 0.15 mM NADPH 61.8 +7.5uM 60.6 + 2.3 4.87 + 1.23 mM
NADPH 2 mM GSSG 9.01 £ 0.94 uM 625+ 1.5
G6PD G6P 1 mM NADP* 69.7 + 9.3 uM 359 +19 31.1 £ 8.0 uM
NADP* 1 mM G6P 14.7 + 1.5 uM 30.1 £ 0.2
GST GSH 1 mM CDNB 0.22 + 0.02 mM 166 + 31 2.11 = 0.36 uM?®
CDNB 5 mM GSH 0.71 £ 0.08 mM 297 + 17 8.65 + 1.35 uMP°
22.8 + 4.38 pM°
v-GTP GlyGly 3.8 mM L-GpNA 202 +1.6 mM 105+ 0.3 1.38 £ 0.18 mM
L-GpNA 100 mM GlyGly 1.02 + 0.06 MM  9.85 + 0.38

Values are mean + SEM of three autopsied human cortices (frontal: GPx, GR, G6PD; occipital:
v-GTP; parietal: GST) analyzed in independent experiments. The Ky, and Vimax (nmol per min per mg)
values were calculated using 8-13 substrate concentrations, and were derived by non-linear
regression analysis using GraphPad Prism computer software program (GraphPad, San Diego,
CA, USA). The influence of inhibitors on activity was examined by comparing reaction rates in the
presence and absence of inhibitors: dehydroepiandrosterone (G6PD), B-mercaptosuccinate (GPx),
1,3-bis (2-chloroethyl)-1-nitrosourea (GR), acivicin (y-GTP), and @ cibacron blue (characteristic for
class 1) ® hematin (characteristic for class o) and °© sulfasalazine (v, p, and = class inhibitor) for
GST. G6P, glucose-6-phosphate; GlyGly, glycylglycine; L-GpNA, L-y-glutamyl-p-nitroanilide.
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tometric method; Lee 1982) the reaction mixture contained 0.1 m
Tris-HCl (pH 8.0), 1 mm glucose-6-phosphate, 1 mm NADP™,
10 mm 2,3-diphosphoglycerate, 10 mm MgCl, and brain tissue
homogenate (2 mg wet tissue) in a final volume of 1 mL. The
reaction was initiated by addition of NADP" and the increase in
absorbance at 340 nm was monitored at 37°C. A blank employing
no homogenate was used as a baseline. GST activity was measured
using a modified spectrophotometric method (Spearman and
Leibman 1984) with the reaction mixture containing 0.1 M
K,HPO4 (pH 6.5), 5 mm GSH, 1 mm 1-chloro-2,4-dinitrobenzene
(CDNB) and brain tissue homogenate (0.8 mg wet tissue) in a final
volume of 1 mL. The reaction was initiated by addition of CDNB
and the increase in absorbance at 340 nm was monitored at 25°C. A
blank employing no homogenate was used as a baseline. For
measurement of y-GTP activity (modified spectrophotometric
method; Tate and Meister 1985) the reaction mixture contained
0.1 m Tris-HCl (pH 8.0), 3.8 mm L-y-glutamyl-p-nitrianilide,
100 mm glycylglycine and brain tissue homogenate (5 mg wet
tissue) in a final volume of 1 mL. The reaction was initiated by
addition of homogenate and the increase in absorbance at 401 nm
was monitored at 37°C. A blank employing no homogenate was
used as a baseline.

Although y-GCS activity has been reported previously in
autopsied human brain (Sian et al. 1994b), we found that its
activity was too low to be measured reliably when employing
procedures that followed formation of ADP (Seelig and Meister
1985), GSH (Fernandez-Checa and Kaplowitz 1990) or inorganic
phosphorus (Fiske and SubbaRow 1925). However, we were
successful in developing an assay for measuring protein levels of
the catalytic heavy subunit of y-GCS by quantitative immunolabel-
ling using a polyclonal rabbit anti-rat antibody against the heavy
subunit of y-GCS protein (provided by Dr Henry Jay Forman,
Division of Natural Sciences, Founding Faculty, University of
California, Merced, CA, USA). Brain tissue homogenates were
diluted in sample buffer to a concentration of 1.2 pg protein/pL and
samples containing 30 pg protein were resolved by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis on 7.5% gels. The
resolved proteins were electrophoretically transferred to a poly-
vinylidene difluoride membrane using a wet transfer tank (32 V
overnight). The blot was incubated with 5% non-fat dry milk in
TTBS buffer (Tris-buffered saline with 0.1% Tween-20) for 1 h at
room temperature (RT, 22°C), rinsed three times in TTBS, incubated
with anti-y-GCS antibody in 5% milk—TTBS (1 : 5000) for 1 h at
RT, rinsed several times in TTBS, incubated with secondary
antibody (horseradish peroxidase-conjugated Protein A, 1 : 5000;
Bio-Rad, Hercules, CA, USA) for 1 h at RT, and rinsed again
several times in TTBS. Immunoreactivity was visualized by
exposure to autoradiographic film after incubation with chemilumi-
nescence reagents (WB Chemiluminescence reagent plus; New
England Nuclear, Boston, MA, USA) and quantified using a
computer-based imaging device (MCID; Imaging Research Inc., St
Catharines, Ontario, Canada). Levels of y-GCS in samples were
calculated from a five-point standard curve of tissue standard
(10-50 pg protein) and expressed as microgram protein of tissue
standard per microgram protein. Purified y-GCS from human blood
and all brain samples, with the exception of human cerebellar cortex,
showed only one band at approximately 74 kDa, which correspon-
ded to the molecular mass of the y-GCS heavy subunit reported in

mouse brain (70 kDa; Thompson et al. 1999) and other human and
rodent tissues (73—74 kDa; Yan and Meister 1990; Gipp et al. 1992;
Reid et al. 1997a). Human brain cerebellar cortex showed a second
band at approximately 30 kDa, which corresponded to the molecular
mass of the y-GCS light subunit (mouse brain: 27 kDa, other
sources: 27-31 kDa; Huang et al. 1993; Reid et al. 1997b;
Thompson et al. 1999). In other brain regions the second band
could be also seen upon prolonged exposure.

CuZnSOD

CuZnSOD activity was measured by adaptation of an erythrocyte
SOD spectrophotometric assay kit (Ransod Kit; Randox Labora-
tories Ltd, Crumlin, Co. Antrim, UK). The assay is based on 2-(4-
iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chloride (INT)
reduction by superoxide radical followed at 505 nm at 37°C. A
xanthine—xanthine oxidase system is used to generate a superoxide
radical flux. The initial assay mixture contained 850 pL mixed
substrate (0.05 mm xanthine plus 0.025 mm INT) in 40 mm
cyclohexylaminopropane buffer (pH 10.2) containing 0.94 mm
EDTA and 25 pL of SOD standard, brain tissue homogenate
(0.1 mg wet tissue) or blank employing no homogenate. The
reaction was initiated by addition of 125 pL xanthine oxidase. The
reaction of the superoxide free radical with INT provides a
spectrophotometrically measurable formazan product. The activity
of SOD (total SOD and MnSOD) was measured by the degree of
inhibition of the formazan product reaction (via superoxide free
radical consumption) and calculated from the standard curve (%
inhibition vs. loglO[standard]). For measurement of MnSOD
activity, the samples were incubated for 1 h at 37°C with 5 mm
NaCN before the assay. The assay was optimized for measurement
of CuZnSOD and the enzyme activity was calculated by subtracting
the cyanide-resistant MnSOD from the total SOD activity. SOD
activity was expressed as units per milligram of protein, a unit being
defined as the amount of the enzyme that inhibits the reaction of INT
reduction by 50%.

Protein concentration
Protein concentration was determined using the Bio-Rad protein
assay kit with bovine serum albumin as a standard.

Statistical analysis

Differences between the control and the total MA groups were
analyzed by the Student’s two-tailed unpaired #-test whereas
differences between controls and subgroups of MA users in the
caudate and putamen were analyzed by anova followed by the
Fisher’s least significant difference (LSD) test. Correlations between
biochemical outcome measures and age or post-mortem time were
determined using the Pearson correlation test, with the exception of
correlations between neurochemical outcome measures and brain
MA levels in which the Spearman rank correlation test was
employed. The criterion for statistical significance for all compar-
isons was p < 0.05. Based on animal findings (see below), some of
which were obtained in our laboratory (Moszczynska et al. 1998),
our hypotheses were that levels of GSH would be reduced and those
of CuZnSOD and uric acid increased in the (dopamine-rich) caudate
and putamen only of the MA users. For comparisons involving the
outcome measures in brain areas outside the striatum, statistical
differences were assessed using standard #-tests as well as #-tests
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with a conservative adjustment for Type I errors (Bonferroni
adjustment).

Results

Possible influence of post-mortem time on levels

of oxidative stress indices

To establish whether there might be a substantial difference
between brain levels of the oxidative stress outcome
measures in living and post-mortem brain, we compared
concentrations in autopsied temporal cortex (mean time after
death 15 h) with those of electrographically normal biopsied
temporal cortex from three patients with intractable epilepsy.
As shown in Table 3, levels of all neurochemicals in biopsied
and autopsied brains were generally similar, with the
expected exception of those of GSH, which were markedly
lower (— 48%) in autopsied brain and of methionine
(+ 1291%), a constituent of proteins that markedly increases
after death (Perry er al. 1981), and uric acid (+ 660%) that
were much higher in autopsied brain.

Possible influence of time after death was also assessed by
examination of correlations (Pearson correlation test) in
control subjects between post-mortem time and brain levels
of the neurochemicals. Statistically significant correlations
that were observed across multiple brain areas were limited
to GST in all seven brain regions examined (range
r = — 0.39 to — 0.70; statistically significant in five of the
seven brain areas). The other statistically significant corre-

Table 3 Comparison of levels of oxidative stress indices and methi-
onine in temporal cortex in control biopsied (n = 3) and autopsied
(n = 16) human brain

Biopsied Autopsied
Index temporal cortex temporal cortex % change
GSH 9517 + 1142 4926 + 832 — 48
GSSG 607 + 119 178 + 37* -71
GSH-Cys 136 = 12 180 = 28 28
GPx 162+ 5 141 5 - 13
GR 61.9+27 44.8 + 2.0* - 28
G6PD 42,7 £ 2.0 34.8 £ 1.3* - 18
v-GTP 7.34 £ 0.44 7.25 £ 0.32 -1
GST 142 + 17 136 + 8 -5
CuzZnSOD 93.6 + 15.5 1198 27
MnSOD 16.5 £ 0.5 172+ 2.4 4
Uric acid 75 + 18 570 + 143 660
Methionine 66 + 18 918 + 158* 1291

Values are mean + SEM. Activities of GPx, GR, G6PD, GST and
v-GTP are expressed as nmoles per minute per milligram protein,
whereas activity of CuZnSOD is expressed as units per milligram
protein. Levels of GSH, GSSG, GSH-Cys, uric acid and methionine
are expressed as nanograms per milligram protein. * p < 0.05 versus
biopsied (Student’s two-tailed t-test).
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lations were limited to GSH in cerebellar cortex
(r=-0.50), wuric acid (r=0.53) and methionine
(r = 0.54) in temporal cortex, and y-GCS (r = — 0.52)
and CuZnSOD (r = — 0.54) in caudate nucleus (p < 0.05).
No statistically significant differences (data not shown)
were observed between brain methionine levels (which
increase after death; see above) in 11 cerebral cortical and
subcortical brain areas of the control and MA groups.

Oxidative stress indices in MA users

Statistically significant changes in levels of the primary
outcome measures (GSH, CuZnSOD, uric acid) in the MA
group as a whole were limited to modestly increased activity
of CuZnSOD (+ 14%) in the caudate nucleus (Tables 4 and 5).
When the four subjects who had used other drugs of abuse in
addition to MA were excluded, CuZnSOD activity was
similarly increased (+ 14%; p < 0.05). No significant group
differences were observed for any of the other outcome
measures (GSSG, GSH—cysteine mixed disulfide, GPx, GR,
v-GTP, GST, G6PD, y-GCS) in any brain region examined
(p > 0.05), with the exception of increased GSSG (+ 58%) in
the caudate nucleus (Tables 4 and 5).

Statistically significant correlations (Spearman rank cor-
relation test) between brain levels of oxidative stress indices
and brain levels of MA plus its metabolite amphetamine
(measured in occipital cortex) were limited to positive
correlations between uric acid and total MA levels in
caudate, putamen, frontal, temporal and insular cortex
(rs = 0.49-0.71), and negative correlations between total
MA levels and G6PD in putamen, cerebellum, frontal,
occipital and insular cortex (rg = — 0.46 to — 0.78), GST in
putamen and temporal cortex (rs = — 0.59 and — 0.51),
v-GCS, MnSOD in temporal cortex (rs = — 0.48), and vy-
GTP in putamen (rs = — 0.56) and temporal cortex
(rs = — 0.47).

To establish whether there might be any relationship
between the extent of MA exposure, as inferred from the
extent of striatal dopamine depletion, the levels of oxidative
stress indices in control subjects were compared with those in
the six MA users who had severe (> 70%) dopamine
reduction in caudate nucleus (73-97% loss compared with
control mean) and those in the 14 MA users who had normal
to moderately decreased levels (13—68% dopamine loss)
(Table 6). Statistically significant differences between the
MA user subgroups and the control subjects were limited to
caudate nucleus levels of GSSG in the group with moderate
dopamine loss (+ 85%), and caudate nucleus CuZnSOD
(+ 20%) and uric acid (+ 63%) in those with severe
dopamine loss (Table 6), and also putamen activity of GST
(= 19%) in the latter group (data not shown). A non-
significant trend was observed for decreased caudate nucleus
GSH (- 35%) and putamen GSH (- 31%) in the group with
severe dopamine loss and increased caudate nucleus GSH
(+ 26%) in those with moderate dopamine loss compared
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Region GSH GSSG GSH-Cys Uric acid
Caudate Controls 7895 + 1336 435 + 58 700 = 72 461 + 65
MA 8494 + 996 688 + 100" 788 + 57 538 + 63
Putamen Controls 10365 + 1390 463 + 102 460 + 45  482+44 (1=20)
MA 9816 + 1397 449 + 107 507 + 32 558 + 47
Cerebellar cortex Controls 9895 + 1176 195 + 27 497 + 46 683 + 61
MA 10 409 + 1184 198 + 40 586 + 52 706 = 70
Temporal cortex Controls 4926 + 832 178 + 37 180 + 28 570 + 143
MA 5448 + 526 178 + 25 171 £ 15 593 + 85
Occipital cortex Controls 7534 + 1722 224 + 50 406 + 54 831 + 127
MA 6738 + 1716 183 + 41 479 = 97 635 + 100
Insular cortex Controls 6399 + 1324 359 + 90 399 + 59 786 + 132
MA 6165 + 789 255 + 58 345 + 43 816 + 155
Frontal cortex Controls 8125 + 820 204 + 48 520 + 62 473 + 90
MA 7856 + 814 215 + 47 581 + 71 376 + 59
Parietal cortex Controls 6155 + 543 195 + 38 282 + 39 400 + 57
MA 6868 + 515 185 + 33 255 + 30 493 + 49
White matter Controls 10 862 + 1105 485 + 118 1717 = 297 708 + 315
MA 12 273 + 1581 297 + 66 1353 + 308 343 + 78
Hippocampus Controls 7027 + 187 51 +14 1467 + 187 498 + 105
MA 10 524 + 2085 72 + 22 1435 + 232 539 + 104
Thalamus— Controls 4269 + 791 269 + 76 1570 + 201 725 + 128
medial pulvinar MA 6107 + 1050 164 + 44 1761 + 396 868 + 121

Values are mean + SEM and are expressed as hanograms per milligram protein. *p < 0.05 versus
controls in caudate or putamen (Student’s two-tailed t-test). In extrastriatal brain areas no statis-
tically significant changes were observed by ttest either without (p > 0.05) or with (p > 0.0007)
Bonferroni adjustments.

Table 4 Levels of

Table 5 Glutathione system enzymes and CuZnSOD in brain of control subjects (n = 16) and MA users (n = 20)

reduced glutathione,
oxidized glutathione, glutathione—cysteine
mixed disulfide and uric acid in brain of the
control subjects (n= 16) and MA users

Region GPx GR G6PD GST v-GTP v-GCS CuzZnSOD
Caudate Controls 121 £ 3 52.0+25 42011 170 + 10 10.6 + 0.4 1.38 + 0.08 148 + 6
MA 123+ 5 497 +1.2 412+1.0 158 + 9 10.5 + 0.3 1.30 + 0.07 168 + 7*
Putamen Controls 113+5 442 £26 38.6 £ 1.0 148 +7 112+ 0.4 1.28 £ 0.05 177 +7
MA 117 +£5 402 +14 38.7+1.0 133+ 6 11.0+ 0.3 1.18 + 0.05 198 + 9
Cerebellar Controls 96.9 + 4.2 61.4 + 3.0 358+ 1.3 210 £ 15 8.65 + 0.26 0.85 + 0.04" 120+ 6
cortex 1.41 £ 0.14'S
MA 95.9 + 3.9 571+15 371 +0.7 199 + 11 8.25 + 0.32 0.79 + 0.07"S 111+ 4
1.48 + 0.19S
Temporal Controls 141 £5 448 £ 2.0 348 +1.3 136+ 8 7.25 £ 0.32 1.03 + 0.06 119+ 9
cortex MA 136 £+ 6 415+13 333+ 1.0 132+ 6 7.08 +0.16 1.00 + 0.03 106 + 6
Occipital Controls 122+ 5 38.4+1.9 423122 121+ 6 10.6 + 0.5 ND 935+ 45
cortex MA 123+ 5 373+14 412 +£1.0 118 + 6 111+ 0.5 98.5+ 4.2
Insular Controls 160 + 6 401 +£1.9 451 +£1.3 181+ 8 9.42 + 0.44 ND 1135
cortex MA 163 + 8 374+14 457 + 1.4 167+ 9 8.40 + 0.27 113+ 4
Frontal Controls 166 + 6 54.0+1.8 39.7+£1.0 165 + 10 7.85 £ 0.22 ND 116 + 4
cortex MA 165 + 6 51.7+1.8 39.4 +1.0 160 + 8 7.96 +0.19 121 + 4

Values are mean + SEM. Activities of GPx, GR, GST, y-GTP, and G6PD are expressed as nmoles per minute per milligram protein, activity of
CuZnSOD as units per milligram protein, and levels of y-GCS are microgram protein tissue standard per microgram protein. HS, heavy subunit; LS,
light subunit; ND, not determined. *p < 0.05 versus controls in caudate or putamen (Student’s two-tailed t-test). In extrastriatal brain areas no
statistically significant changes were observed by ttest without (p > 0.05) or with (p > 0.0007) Bonferroni adjustments.
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Table 6 Levels of dopamine in the striatum of the control subjects (n = 14—16) and in methamphetamine users (n = 20) subgrouped according to

the levels of dopamine in the caudate nucleus

DA GSH

GSSG CuzZnSOD Uric acid

Caudate
Controls
Severe DA loss (n = 6)
Moderate DA loss (n = 14)
Putamen
Controls
Severe DA loss (n = 6)
Moderate DA loss (n = 14)

7.03 + 0.50 7895 + 1336
1.08 + 0.28* (- 85%)
3.48 = 0.35* (- 50%)
7.61 = 0.61 10 365 + 1390
1.70 + 0.30* (- 78%)

4.68 + 0.50* (- 39%)

5135 + 1536 (- 35%)
9933 + 1073 (+ 26%)

7160 + 1446 (- 31%)
10 955 + 1844 (+ 6%)

435 + 57
414 + 61 (- 5%)
805 = 130* (+ 85%)

148 + 6
178 + 6* (+ 20%)
164 + 9 (+ 11%)

461 + 65
750 + 103* (+ 63%)
448 + 66 (- 3%)

177+ 7
194 = 16 (+10 %)
200 + 11 (+13%)

463 = 102
163 + 48 (- 65%)
571 + 140 (+ 23%)

482 + 44
649 = 101 (+ 35%)
518 + 51 (+7%)

Data are the mean + SEM. Levels of dopamine (DA) are expressed as nanograms per milligram tissue, levels of GSH, GSSG,and uric acid as
nanograms per milligram protein, and activity of CuZnSOD as units per milligram protein. Values in parentheses are percentage change with
respect to control. Striatal dopamine levels of the 20 MA users have been published previously (Wilson et al. 1996; Moszczynska et al. 2004) and
are reproduced by permission of Oxford University Press. *p < 0.05 versus control (one-way ANOVA followed by Fisher's LSD test).
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with control levels (Table 6). In caudate nucleus of the 20
MA users, regression analyses revealed no statistically
significant correlations between dopamine levels and GSH,
GSSG, CuZnSOD and uric acid, although a trend was
observed for decreased GSH and GSSG and increased uric
acid with declining dopamine concentration (see Fig. 1).

Discussion

We found that in the MA group as a whole, brain levels of most
antioxidant systems were generally preserved. Changes were
limited to the dopamine-rich caudate and were more marked in
those MA users with a very low striatal dopamine level.

Limitations of study

We attempted to address, as much as possible, some of the
potential confounding factors inherent in studies of post-
mortem human brain of drug users. In order to prove that the
MA users had, in fact, used MA both acutely and chronically,
levels of the drug were determined in post-mortem blood,
brain and, in 14 of the 20 subjects for which autopsied hair
was available, hair samples. Although the results of the
forensic drug analyses, medical examiner investigation and
structured interview with the next of kin suggest that most of
the MA users (with the exception of four subjects who tested
positive for other drugs of abuse) had used only MA, it is
possible that all of the MA users in this study had previously
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used other drugs that might somehow have influenced the
levels of our biochemical outcome measures. Similarly,
accurate information could not be obtained for most of the
subjects regarding amount or daily pattern of drug use or
interval between last use of drug and death. Notwithstanding
these difficulties, the presence of MA in blood and brain of
all of the drug users provides absolute confidence that they
had all recently used the drug and could therefore be
employed to investigate the influence of MA on oxidative
stress.

The possible influence of age, agonal status and post-
mortem time on brain levels of oxidative stress indices was
addressed first by matching the control and MA user groups
as closely as possible to these variables. Our finding that
levels of methionine, an amino acid that markedly increases
after death (Perry et al. 1981) were similar in all examined
brain areas of the control and MA user groups also suggests
that the two groups were reasonably matched with respect to
post-mortem time. We also assessed group differences in
light of comparison of levels of the biochemical outcome
measures in autopsied (mean postmortem time 15 h) and
living (biopsied) brain. Concentrations of most of the
markers were similar in biopsied and autopsied brain,
suggesting relative stability of these markers during the first
15 h after death, but with the expected finding of lower levels
of GSH (Perry et al. 1981; Perry 1982) and higher concen-
trations of uric acid in autopsied compared with biopsied
brain (Iriyama et al. 1986). Although this suggests that post-
mortem glutathione and uric acid measurements cannot
predict absolute concentrations in living brain, it is not
unreasonable to expect that qualitative differences observed
in post-mortem brain might also occur in vivo.

Oxidative stress indices

Our goal was to establish whether levels of components
involved in antioxidant reactions are altered in brain of
human MA users. We selected indices that are often altered
in a variety of organ systems after exposure to experimental
conditions associated with oxidative stress or damage, with a
special focus on outcome measures that have been shown to
be altered in brain of rodents exposed to MA.

Glutathione

The glutathione system is recognized as a major antioxidant
defense against the toxic effects of reactive oxygen species
(Ceballos-Picot 1997; Griffith and Mulcahy 1999). The
reaction of the tripeptide GSH with reactive oxygen species
leads to the conversion of GSH to its oxidized form (GSSG),
the latter then being reconverted to GSH via GR, which
utilizes NADPH as a reducing agent. In contrast, GSH
reaction with most electrophiles leads to formation of a
stable thiol adduct in which loss of GSH can be reversed
only by de novo synthesis involving the sequential action of
rate-limiting y-GCS and glutathione synthetase. Oxidative

stress can cause either decreased or increased GSH depend-
ing on the severity of the stress, experimental system and
time at which GSH levels are measured, whereas GSSG
levels are often, but not always, increased (Halliwell and
Cross 1994; Benzi and Moretti 1995). Thus, mild oxidative
stress can often result in an increase in GSSG followed by
adaptational increase in GSH levels, whereas severe oxida-
tive stress typically causes GSH depletion (Seyfried et al.
2000).

Employing the same HPLC-electrochemical detection
procedure for GSH measurement as that used in the present
study, we first showed that we could detect the expected
(Perry et al. 1982; Riederer et al. 1989; Sian et al. 1994a),
but slight (30%) reduction of GSH concentration in autopsied
substantia nigra of patients with Parkinson’s disease (Fitz-
maurice et al. 2003), a ‘gold standard’ of GSH deficiency in
a neurodegenerative disorder, indicating that this procedure
could successfully be used to detect modest group differ-
ences in GSH concentration in a post-mortem human brain
study.

Experimental animal data suggest that a high binge dose of
MA can cause a modest reduction in striatal GSH (Mos-
zczynska et al. 1998) whereas striatal GSH concentration can
be raised following a low dose of the drug (Harold et al.
2000) (but see Jayanthi e al. 1998; Kim et al. 1999). We
found that in the entire group of 20 MA users mean GSH
levels were normal in all examined brain areas. This suggests
that any MA-related oxidative stress was not sufficiently
severe, in the group of MA users as a whole, to cause
depletion of tissue stores of GSH. However, the lack of any
overall change in GSH might be explained by the possible
inclusion of subjects who died before or after a time-
dependent, short-lasting change in GSH levels, or who had
developed a partial tolerance to the effects of MA on
oxidative stress. Nevertheless, we did observe a non-
significant trend in the subgroup of MA users with a severely
decreased dopamine level for a reduction in GSH (- 35%) in
caudate nucleus, the brain arca with the most marked
dopamine loss, and in the putamen (— 31%). This suggests
that in brain of MA users who take a dose of the drug
sufficient to cause marked dopamine depletion, GSH might
be overutilized in antioxidant reactions related to excessive
release of dopamine, a scenario supported by animal data
showing decreased glutathione concentration following
intrastriatal injection of dopamine (Rabinovic et al. 2000).
In principle, any dopamine-related oxidative stress might be
related to changes within dopamine nerve terminals or
postsynaptic elements.

Levels of GSSG were significantly increased in caudate
nucleus of MA users, with the increase limited to the
subgroup of MA users with only moderate dopamine loss
(see Table 6). Although increased levels of GSSG limited to
a dopamine-rich area suggests the possibility of dopamine-
related oxidative stress, these changes cannot be considered
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to be robust as the intersubject variability, as expected
(Adams et al. 1991; Sian et al. 1994a; Gotz et al. 2001), of
GSSG in normal human brain is high and the overall GSSG
change was represented by very high GSSG levels in only
four of the 20 subjects.

GSH-related enzymes

Surprisingly, no changes were observed in levels of any of
the enzymes involved in glutathione metabolism (GPx, GR,
G6PD, GST, y-GTP, y-GCS) either in the MA group as a
whole or in the subgroup with marked dopamine reduction,
with the exception of a modestly (— 19%) decreased GST
level in the putamen of those with severe dopamine loss. This
suggests that no substantial damage (e.g. by oxidative stress)
to the enzymes or compensatory increase in protein levels
occurs in humans chronically exposed to MA, as can occur in
brain of experimental animals exposed to MA (decreased
GPx activity: Jayanthi ef al. 1998; Kim et al. 1999) and in
other models of oxidative stress (decreased activity of
glutathione metabolic enzymes: Aspberg and Tottmar 1994;
Thiffault et al. 1995; Binienda et al. 1998; increased activ-
ity: Rahman et al. 1998; Shimizu et al. 1998; Singhal et al.
1999).

CuZn SOD

Activity of the enzyme CuZnSOD (SOD1), responsible for
conversion of superoxide radical to hydrogen peroxide and
molecular oxygen, can be induced in a variety of chronic and
acute experimental animal conditions associated with oxida-
tive stress (Ohtsuki et al. 1993; Thiffault et al. 1995;
Binienda et al. 1998; Hung and Lee 1998; Shimizu et al.
1998) and in GSH-depleted neuroblastoma cells (Ceballos-
Picot 1997). CuZnSOD or total SOD activity is also
increased in brain of rodents exposed to MA in some
(Acikgoz et al. 1998, 2000; Kim et al. 1999) but not all
investigations (D’Almeida et al. 1995; Jayanthi et al. 1998).
Inhibition of CuZnSOD exacerbates MA toxicity to brain
dopaminergic neurones (De Vito and Wagner 1989), whereas
overexpression is neuroprotective (Cadet et al. 1994; Hirata
et al. 1995).

As in many animal models of oxidative stress, CuZnSOD
activity was modestly increased in brain of human MA users.
This suggests that in MA-exposed human brain, the activity
of an enzyme involved in protection from the toxic effects of
superoxide radicals is increased as a compensatory phenom-
enon caused by oxidative stress. As the increase in activity of
CuZnSOD was restricted to a dopamine-rich area (caudate)
and was greater in the subgroup of MA users with markedly
reduced dopamine (+ 20%; p < 0.05) than in those with
moderate dopamine depletion (+ 11%; p = 0.10), oxidative
stress may have been related to MA-induced release and
subsequent oxidation of dopamine to form superoxide radical
and hydrogen peroxide, the latter being an activator of SOD/
gene expression (Yoo et al. 1999).
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Uric acid

Uric acid is an end product of metabolism of purines
(adenine, guanine, xanthine, and hypoxanthine) and nucleo-
tides that is formed from xanthine or hypoxanthine by
xanthine oxidase or xanthine dehydrogenase (Parks and
Granger 1986). Uric acid has also been suggested to act as an
antioxidant in vivo (Ames et al. 1981), with levels increased
in some experimental conditions considered to involve
oxidative stress (Desole et al. 1995a,b) including exposure
to MA (Yamamoto and Zhu 1998).

Although mean uric acid levels were not altered in brain of
the entire group of MA users, concentrations of the purine
metabolite were markedly and significantly increased
(+ 63%) in the caudate nucleus and displayed a trend for
an increase in the putamen (+ 35%; p = 0.08) of the MA
users who had severely decreased striatal dopamine. These
findings are consistent with the results of recent experimental
studies reporting increased uric acid in striatal tissue
(Yamamoto and Zhu 1998) and extracellular fluid (Mueller
1990; Saponjic et al. 1994) of rodents exposed to MA or
amphetamine. Although the function of uric acid in human
brain is not yet defined, animal data showing that uric acid
can protect against a variety of insults associated with
oxidative stress suggest that uric acid levels might have been
increased, perhaps by activation of xanthine oxidase, as a
possible compensatory response to acute and/or chronic
oxidative stress.

Conclusions

We found that levels of key antioxidant systems were
generally preserved in post-mortem brain of human MA
users. However, in the subgroup of MA users with very low
brain dopamine levels changes were observed in caudate
levels of several antioxidant systems that are altered in MA
animal models, suggesting that MA might cause dopamine-
related oxidative stress in human brain. Further studies are
required to establish whether any oxidative stress is sufficient
to cause actual oxidative brain damage and whether
antioxidant therapy might be neuroprotective for the high-
dose MA user.
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