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ABSTRACT
Increasing evidence implicates apoptosis as a major mecha-
nism of cell death in methamphetamine (METH) neurotoxicity.
The involvement of a neuroimmune component in apoptotic cell
death after injury or chemical damage suggests that cytokines
may play a role in METH effects. In the present study, we
examined if the absence of IL-6 in knockout (IL-62/2) mice
could provide protection against METH-induced neurotoxicity.
Administration of METH resulted in a significant reduction of
[125I]RTI-121-labeled dopamine transporters in the caudate-
putamen (CPu) and cortex as well as depletion of dopamine in
the CPu and frontal cortex of wild-type mice. However, these
METH-induced effects were significantly attenuated in IL-62/2
animals. METH also caused a decrease in serotonin levels in
the CPu and hippocampus of wild-type mice, but no reduction
was observed in IL-62/2 animals. Moreover, METH induced
decreases in [125I]RTI-55-labeled serotonin transporters in the

hippocampal CA3 region and in the substantia nigra-reticulata
but increases in serotonin transporters in the CPu and cingulate
cortex in wild-type animals, all of which were attenuated in
IL-62/2 mice. Additionally, METH caused increased gliosis in
the CPu and cortices of wild-type mice as measured by [3H]PK-
11195 binding; this gliotic response was almost completely
inhibited in IL-62/2 animals. There was also significant pro-
tection against METH-induced DNA fragmentation, measured
by the number of terminal deoxynucleotidyl transferase-medi-
ated dUTP nick-end-labeled (TUNEL) cells in the cortices. The
protective effects against METH toxicity observed in the IL-
62/2 mice were not caused by differences in temperature
elevation or in METH accumulation in wild-type and mutant
animals. Therefore, these observations support the proposition
that IL-6 may play an important role in the neurotoxicity of
METH.

Methamphetamine (METH) is a drug of abuse that has
steadily gained in popularity. Its continuous use is accompa-
nied by long-term consequences. Repeated use of METH can
cause neurological deficits that may lead to serious psychi-
atric and neurologic signs and symptoms in users (Lan et al.,
1998). In addition, neuroimaging (McCann et al., 1998) and
post-mortem studies (Wilson et al., 1996) have documented
neurochemical deficits in the brains of METH abusers.
METH neurotoxicity has also been demonstrated in rodents
(O’Callaghan and Miller, 1994) and nonhuman primates (Vil-
lemagne et al., 1998). Previous studies from this laboratory
have shown that repeated doses of METH cause loss of stri-
atal dopamine transporters (DAT) (Hirata et al., 1996;

Hirata and Cadet, 1997) and significant depletion of dopa-
mine (DA) in mice striata (Sheng et al., 1996b). Although the
cellular and molecular events associated with METH neuro-
toxicity remain to be fully dissected, reactive oxygen species
(Cadet et al., 1994; Jayanthi et al., 1998), nitric oxide (NO)
(Sheng et al., 1996a; Itzhak et al., 1998; Deng and Cadet,
1999), and the activation of genes related to cell death (Cadet
et al., 1997; Hirata and Cadet, 1997) seem to be involved.
These different pathways might interact or work in parallel
to cause the long-term negative consequences of the drug.

In addition to these pathways, other molecules, such as
cytokines, which are known to cause neurotoxic damage,
might also to participate in the toxic effects of METH. A
cytokine that might contribute to METH-induced effects is
interleukin-6 (IL-6). Accumulating evidence supports an es-
sential role for IL-6 in the development, differentiation, re-
generation, and degeneration of central nervous system
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(CNS) (for review, see Gruol and Nelson, 1997; Benveniste,
1998). Areas expressing high levels of IL-6 and its receptors’
mRNA in the brain are the hippocampus, hypothalamus,
cortex, and cerebellum (Schobitz et al., 1992; Gadient and
Otten, 1995). IL-6 levels in CNS are low under baseline
physiological conditions, but injury, inflammation, and brain
diseases trigger IL-6 gene expression and protein synthesis
(Gruol and Nelson, 1997). For example, elevated levels of
IL-6 are detected in the cerebrospinal fluid of patients with
several CNS abnormalities, including Alzheimer’s disease,
multiple sclerosis, meningitis and stroke (for review, see
Zhao and Schwartz, 1998). Consistent with a role of IL-6 in
neuropathological processes, elevated levels of IL-6 mRNA
and protein have also been found in the CNS of animal
models of neurodegenerative diseases (Gijbels et al., 1990;
Grau et al., 1990). The prominent neurodegeneration ob-
served in transgenic mice that chronically overexpress IL-6

provide very cogent support for the idea of IL-6 as a pro-toxin
(Campbell et al., 1993; Chiang et al., 1994).

The aim of the present study was, thus, to investigate to
what extent IL-6 might also play a role in the neurodegen-
erative effects of METH by using mice with a null mutation
of the cytokine. Herein, we report that the IL-6 null genotype
confers significant protection against the monoaminergic pa-
thology and apoptosis caused by this illicit substance.

Materials and Methods
Animals and Treatment. C57BL/6J wild-type (IL-61/1) inbred

mice and IL-6 knockout (IL-62/2) mice on the C57BL/6J background
obtained from The Jackson Laboratory (Bar Harbor, ME) were used
in the experiments. The generation and derivation of these mice have
been described previously (Kopf et al., 1994). Mice were housed in
groups of three and kept in a temperature- and light-controlled room

Fig. 1. Effects of repeated METH admin-
istration (5 mg/kg 3 4) on the levels of DA
in the CPu (A) and frontal cortex (B). Val-
ues represent means 6 S.E.M. (percent-
age of respective controls) of 7 to 10 mice
per group. There were no significant dif-
ferences in DA levels between the saline-
injected groups. The absolute DA values
(nanograms per milligram of tissue
weight) for saline and METH-treated at 3,
7, and 14 days are as follows: CPu,
13.95 6 0.24 (saline), 7.23 6 0.90 (3 days),
8.21 6 0.94 (7 days), and 7.68 6 0.76 (14
days) (IL-61/1); 14.26 6 0.55 (saline),
9.12 6 0.55 (3 days), 9.88 6 0.90 (7 days)
and 11.91 6 0.58 (14 days) (IL-62/2).
Frontal cortex, 0.740 6 0.191 (saline),
0.171 6 0.041 (3 days), 0.165 6 0.016 (7
days) and 0.260 6 0.045 (14 days) (IL-61/
1); 0.737 6 0.172 (saline), 0.255 6 0.068
(3 days), 0.385 6 0.097 (7 days) and
0.422 6 0.065 (14 days) (IL-62/2). *P ,
.05; **P , .01 versus respective controls;
!P , .05; !!!P , .001 versus IL-61/1 mice
treated with METH.
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with a 12-h/12-h light/dark cycle and were fed ad libitum. All animal
use procedures were according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were ap-
proved by the local animal care committee.

IL-62/2 mice and their IL-61/1 control counterparts received
four intraperitoneal injections of 5 or 10 mg/kg METH or 0.9% saline
at 2-h intervals. Core body temperature was recorded in IL-61/1
and IL-62/2 animals at 1 h intervals by the use of mouse rectal
probe (YSI, Yellow Springs, OH). The mice were killed at several
time points after drug treatment. Brain tissues were processed for
the various assays as described below.

HPLC Analysis. At 3, 7, and 14 days after METH injections (5
mg/kg 3 4) mice were killed by cervical dislocation, the brains were
removed and placed on a ice-cooled plate. Frontal cortex, caudate-
putamen (CPu), and hippocampus were dissected and immediately
frozen on dry ice and stored at 270°C until extraction. Brain regions
obtained from each animal were weighed, ultrasonicated in 10%

perchloric acid containing 10 ng/mg of the internal standard dihy-
droxybenzilamine, and centrifuged at 20,000g for 10 min. Concen-
trations of norepinephrine (NE), DA, 3,4-dihydroxyphenylacetic acid
(DOPAC), serotonin (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA)
in brain tissue extracts were measured by HPLC with electrochem-
ical detection. The analytical column was Bondapak C-18 (5 mm,
4.6 3 250.0 mm; Waters, Milford, MA), and the mobile phase con-
tained 0.08 M sodium acetate, 1 mM sodium EDTA, 5 mM heptane
sulfonic acid, 4.0% acetonitrile, pH 4.0, flow rate 1.5 ml/min, 25°C.
The installation consisted of Waters 717 Plus automated injection
system, Waters piston pump, Waters manometric module, and Bio-
analytical Systems LC-4C amperometric detector. The glassy carbon
electrode was used at a potential of 0.75 V. Peak areas and sample
concentrations were calculated with a Hewlett Packard integrator.
Contents of NE, DA, DOPAC, 5-HT, and 5-HIAA were calculated as
nanograms per milligram of tissue weight.

Fig. 2. Effects of repeated METH ad-
ministration (5 mg/kg 3 4) on the levels
of 5-HT in the CPu (A) and hippocampus
(B). Values represent means 6 S.E.M.
(percentage of respective controls) of 7 to
10 mice per group. There were no signif-
icant differences in 5-HT levels between
the saline injected groups. The absolute
5-HT values (nanograms per milligram
of protein) for saline and METH-treated
at 3, 7, and 14 days are as follows: CPu,
1.68 6 0.10 (saline), 1.38 6 0.06 (3
days), 1.20 6 0.24 (7 days) and 1.24 6
0.07 (14 days) (IL-61/1); 1.44 6 0.15
(saline), 1.40 6 0.08 (3 days), 1.59 6
0.16 (7 days), and 1.48 6 0.34 (14 days)
(IL-62/2). Hippocampus, 2.33 6 0.14
(saline), 1.58 6 0.13 (3 days), 1.45 6
0.05 (7 days), and 1.55 6 0.08 (14 days)
(IL-61/1); 2.15 6 0.09 (saline), 2.29 6
0.11 (3 days), 1.64 6 0.09 (7 days), and
1.86 6 0.10 (14 days) (IL-62/2). **P ,
.01 versus respective controls; !P , .05;
!!P , .01; !!!P , .001 versus IL-61/1
mice treated with METH.
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Autoradiographic Assays. Binding assays for DAT were per-
formed as described previously by this laboratory with [125I]RTI-121
(specific activity, 2200 Ci/mmol) and 10 mM GBR-12909 to determine
nonspecific binding which was 5% of total binding (Hirata et al.,
1996). Autoradiographic determination of 5-HT transporters (SERT)
was performed as described previously by this laboratory with
[125I]RTI-55 (specific activity, 2200 Ci/mmol) (Andrews et al., 1996).
LR1111 was used to inhibit binding of [125I]RTI-55 to DAT. Nonspe-
cific binding was determined in the presence of 10 mM paroxetine
and represented ,10% of the total binding. [125I]RTI-121 and
[125I]RTI-55 binding was done in animals sacrificed at 14 days.

[3H]PK-11195 is a specific high-affinity ligand for mitochondrial
benzodiazepine binding sites (MBBS), which is reported to bind
exclusively to glial cells (Myers et al., 1991; Banati et al., 1997). For
investigation of MBBS mice were sacrificed 3 and 14 days after
METH (5 mg/kg 3 4) treatment. Previous reports documented that
the increase in gliosis peaked at 3 days and was significant till 21
days (Kuhlman and Guilarte, 1999). The brains were rapidly re-
moved and frozen in isopentane and stored at 270°C until process-
ing. Brains sections were cut at 20 mm on a cryostat (220°C) and
thaw mounted on gelatin-coated slides. Slides were desiccated and
stored at 270°C before assay. Adjacent sections were incubated for
the MBBS on microglia and astrocytes, for 60 min with 3.0 nM
[3H]PK-11195 (86 Ci/mmol) (DuPont-NEN, Boston, MA) in a binding
buffer consisting of 50 mM Tris-HCl, pH 7.4, and 120 mM NaCl at
room temperature. Sections were washed in a buffer at 4°C twice for
5 min each and dipped three times in distilled ice-cold water and
dried under a stream of cool air. Nonspecific binding was determined
in the presence of 10 mM unlabeled PK-11195 (RBI, Natick, MA).
Dried sections were apposed to radiosensitive films (Hyperfilm; Am-
ersham Pharmacia, Piscataway, NJ) with 3H microscales for 1 week.
[3H]PK-11195, [125I]RTI-121, and [125I]RTI-55 bindings were quan-
tified using a Macintosh computer-based analysis system (NIH Im-
age; National Institutes of Health, Bethesda, MD ) with standard
curves generated from 3H or 125I microscales, respectively.

Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick-End Labeling (TUNEL) Histochemistry. TUNEL histo-
chemistry was carried out as described previously by us (Deng et al.,
1999). Briefly, IL-61/1 and IL-62/2 mice were given 4 injections of
10 mg/kg METH or saline at 2-h intervals. For TUNEL assay, at 1
week after METH administration, animals were perfused transcar-
dially, under deep pentobarbital anesthesia, first with saline fol-
lowed by 40 ml of 4% paraformaldehyde in 0.1 M phosphate buffer at
4°C. After perfusion, brains were removed, postfixed overnight in 4%
paraformaldehyde, and then allowed to equilibrate in 30% sucrose
for 24 h. Coronal sections (30 mm) were then cut in a cryostat (Bright
Instrument Company, Huntingdon, UK). The sections contained pa-
rietal cortices (bregma levels, 1.0 to 21.3) were collected. A TUNEL
procedure for frozen tissue sections was performed using an in situ
cell-death detection kit according to the manufacturer’s manual
(Boehringer Mannheim, Mannheim, Germany). Briefly, slide-
mounted sections were rinsed in 0.3% hydrogen peroxide-methanol
to block endogenous peroxidase. They were then rinsed in 0.1%
Triton X-100 in 0.1% sodium citrate for 2 min on ice to increase
permeability of the cells. To label damaged nuclei, 50 ml of the
TUNEL reaction mixture was added onto each sample in a humidi-
fied chamber followed by a 60-min incubation at 37°C. The peroxi-
dase reaction was visualized with DAB-substrate solution. Proce-
dures for negative controls were carried out as described in the
manufacturer’s manual and consisted of not adding the label solu-
tion (terminal deoxynucleotidyl transferase) to the TUNEL reaction
mixture. No TUNEL- positive cells were observed in the negative
controls. TUNEL-positive cells were counted in the parietal cortex
using a Zeiss microscope (600 3 900 mm).

Gas Chromatography-Mass Spectrometry (GC-MS) Analysis
of METH and Amphetamine (AMPH). IL-62/2 mice and their IL-
61/1 control counterparts received intraperitoneal injections of METH
(5 mg/kg) or 0.9% saline at 2-h intervals. Animals were sacrificed 30
min after the first, third, and fourth injections. Their CPus, frontal
cortices, and hippocampi were dissected, immediately frozen on dry ice,

Fig. 3. Effect of METH treatment (5 mg/kg 3 4) on the [125I]RTI-121-labeled DAT in the CPu (A) and parietal cortex (B). Values represent mean
percentages of each saline injected group 6 S.E.M. N 5 5 to 6 animals per group. There were no significant differences between wild-type and IL-62/2
saline-injected mice. The absolute values (nanoCuries per milligram of tissue) for saline and METH-treated groups are: Ant CPu, 14.43 6 3.98 and
4.50 6 0.68 (IL-61/1); 15.61 6 3.20 and 8.15 6 1.22 (IL-62/2); Mid-CPu, 15.69 6 2.04 and 4.24 6 0.69 (IL-61/1); 13.37 6 0.85 and 7.65 6 0.21
(IL-62/2). Ant parietal cortex, 1.05 6 0.13 and 0.60 6 0.09 (IL-61/1); 0.99 6 0.13 and 0.94 6 0.11 (IL-62/2); mid-parietal cortex, 1.03 6 0.08 and
0.41 6 0.14 (IL-61/1); 0.95 6 0.06 and 0.87 6 0.12 (IL-62/2). *P , .05; **P , .01; ***P , .001 compared with respective saline-treated group; !P ,
.05, !!P , .01 compared with METH-treated IL-61/1 mice.
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and stored at 270°C until extraction. Samples were weighed and ho-
mogenized in sodium acetate buffer (2.0 M, pH 4.0). Internal standards
and 2 ml of the buffer were added to an aliquot of homogenate. Samples
were kept for 10 min at room temperature, followed by addition of
acetonitrile while vortexing. After centrifugation, the supernatants
were decanted onto conditioned Clean Screen DAU solid phase extrac-
tion columns (United Chemical Technologies, Bristol, PA) and samples
were eluted with methylene chloride/2-propanol/ammonium hydroxide
(80:20:2), a 20-ml aliquot of N-methyl-N-(tert-butyldimethylsilyl)triflu-
oroacetamide 1 1% tert-butyldimethylchlorosilane (Pierce Chemical,
Rockford, IL) was then added to the eluate, followed by evaporation
under nitrogen at 40°C until dry. The residues were reconstituted in
acetonitrile, followed by another centrifugation step. Samples were
transferred to autosampler vials, 20 ml of N-methyl-N-(tert-butyldim-
ethylsilyl)trifluoroacetamide 1 1% tert-butyldimethylchlorosilane was
added. The mixture was heated at 80°C for 15–20 min, a 20 ml of
N,O-bis(trimethyl)trifluoroacetamide with 1% trimethylchlorosilane
(Pierce Chemical) were added, and samples were heated again at 80°C
for 45 min. A 1-ml aliquot of each sample was injected on GC-MS to
measure quantitatively the tert-butyldimethylsilyl derivative of METH
and the trimethylsilyl derivative of AMPH.

Analyses were performed on a Hewlett-Packard 6890 gas chro-
matograph interfaced with a Hewlett-Packard 5973 mass selective
detector. A split-splitless capillary inlet system operated in the split-
less mode and an HP-1 fused-silica capillary column (12 m 3 0.2 mm,
inner diameter, 0.33-mm film thickness) were used for the analyses.
Quantitative analysis was performed by positive chemical ionization
GC-MS analysis in selected-ion monitoring mode. The internal stan-
dards used in the selected-ion mode were [2H11]METH and
[2H5]AMPH (Radian International, Austin, TX). The target m/z ions
for the tert-butyldimethylsilyl derivative of METH and the trimeth-
ylsylil derivative of AMPH were 130 and 158, respectively. Detection
limits for both METH and AMPH were 33 pg/mg, equivalent to the
lowest calibration concentration. The dynamic range for the assay

was 33 pg to 33 ng/mg for both analytes. Correlation coefficients were
$0.99.

Statistical Analysis. All data are presented as means 6 S.E.M.
The data were analyzed by analysis of variance followed by Fisher’s
protected least significant difference test using the statistical pro-
gram Statview 4.02 or Statistical procedures for social sciences test.
Criteria for significance were set at the 0.05 level.

Results
HPLC. The effects of METH (5 mg/kg 3 4) on the levels of

DA in the CPu of IL-61/1 and IL-62/2 mice are presented in
Fig. 1A. METH caused marked reduction in DA levels in the
striata of mice killed at 3 (248%), 7 (241%), and 14 (245%)
days after drug treatment. These changes were significantly
attenuated in IL-62/2 METH-treated animals, and corre-
sponded to 36%, 31%, and 16% reductions, respectively. In
the cortex, administration of METH caused even greater
reductions in DA levels in wild-type mice. The decreases were
277%, 278%, 265%, at 3, 7, and 14 days, respectively (Fig.
1B). In the IL-62/2 mice, these decreases were 265%, 248%,
and 243%, respectively. METH did not affect DOPAC levels
in CPu and cortices of any of the strains of mice (data not
shown).

The effects of METH on 5-HT content in CPu of wild-type
and IL-62/2 mice are shown in Fig. 2A. Significant de-
creases were noted in the levels of 5-HT in METH-treated
wild-type mice sacrificed at 3 (218%), 7 (229%), and at 14
(226%) days after treatment. However, METH had no sig-
nificant effects on the levels of 5-HT in IL-62/2 mice. METH
caused no significant changes in 5-HIAA levels. 5-HT levels
were significantly altered in the hippocampus of IL-61/1

Fig. 4. Effect of METH treatment (5 mg/kg 3 4) on the [125I]RTI-55-labeled SERT in the hippocampus-CA3, substantia nigra-reticulata (A) and CPu
and cingulate cortex (B), on wild-type and IL-62/2 mice. Values represent mean percentages of each saline injected group 6 S.E.M. N 5 4 to 5 animals
per group. There were no significant differences between wild-type and IL-62/2 saline-injected mice. The absolute values (nanoCuries per milligram
of tissue) for saline and METH-treated groups are: hippocampus-CA3, 11.55 6 0.75 and 7.81 6 1.19 (IL-61/1); 9.18 6 1.02 and 11.32 6 1.26 (IL-62/2);
substantia nigra-reticulata, 30.75 6 1.81 and 22.58 6 2.02 (IL-61/1); 26.34 6 2.11 and 28.42 6 2.07 (IL-62/2); CPu, 5.85 6 0.32 and 7.19 6 0.06
(IL-61/1); 6.76 6 0.68 and 7.35 6 0.30 (IL-62/2); cingulate cortex, 2.86 6 0.08 and 3.93 6 0.20 (IL-61/1); 2.76 6 0.12 and 3.39 6 0.08 (IL-62/2).*P ,
.05; ***P , .001 compared with saline-treated mice of similar genotypes; !P , .05; !! P , .01 in comparison with METH-treated wild-type mice.
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mice sacrificed at 3 (232%), 7 (238%), or 14 (233%) days
postdrug (Fig. 2B). The depletion of 5-HT was significantly
attenuated in METH-treated IL-62/2 mice. METH also
caused significant changes in 5-HIAA levels in the hip-
pocampi of wild-type mice. These corresponded to decreases
of 28%, 34%, and 42% at 3, 7, and 14 days, respectively.
These effects were inhibited in IL-62/2 animals. No reduc-
tion in 5-HIAA levels was seen at 3 days, and only 14% and
15% decreases were observed at 7 and 14 days, respectively.
METH caused no changes in the levels of NE (data not
shown).

Dopamine Transporter Binding. The effects of METH
(5 mg/kg 3 4) on [125I]RTI-121 labeled DAT in the anterior
and mid-CPu in IL-61/1 and IL-62/2 mice sacrificed 2
weeks after drug treatment are presented on Fig. 3A. In
wild-type animals, METH produced significant decreases in
the DAT binding at the anterior CPu (269%) and mid-CPu
(273%). METH effects were attenuated in IL-62/2 drug-
treated mice, with DAT binding showing reductions of 48%
and 43% at the respective brain levels. METH caused signif-
icant reductions in DAT binding in the anterior (243%) and
mid-parietal cortex (260%) of wild-type mice (Fig. 3B). Ad-
ministration of METH to IL-62/2 mice had no effect on DAT
binding in these two regions. In contrast to its toxic effects on
the cortical and striatal areas, METH injections failed to
affect DAT binding in either the ventral tegmental area and
substantia nigra pars compacta of either genotype (data not
shown).

Serotonin Transporter Binding. The effects of METH
on [125I]RTI-55-labeled SERT in the brains of wild-type and
IL-62/2 mice are shown in Fig. 4. Administration of the drug
to IL-61/1 animals produced significant decreases in SERT
binding in the hippocampal CA3 area (233%) and in the
substantia nigra pars reticulata (227%). In contrast, IL-
62/2 mice showed complete protection against the deleteri-
ous effects of METH (Fig. 4A). Unexpectedly, METH caused
significant increases in SERT binding in the CPu (123%) and
in the cingulate cortex (138%) in wild-type mice. Interest-
ingly, there were significant increases in the SERT binding
in the cingulate cortex (123%) but not in the CPu of IL-62/2
mice (Fig. 4B). Nethertheless, the magnitude of this increase
in the cingulate cortex of the IL-62/2 was less than seen in
the wild-type animals.

Mitochondrial Benzodiazepine Binding. MBBS, also
referred to as the peripheral benzodiazepine receptor, has
been proposed to be a general marker for gliosis in the ner-
vous system because of its purported exclusive localization to
glial cells (Myers et al., 1991; Banati et al., 1997). As shown
in Fig. 5, administration of METH (5 mg/kg 3 4) to wild-type
mice produced a significant increase in [3H]PK-11195 bind-
ing in the CPu, 127% and 126% at 3 and 14 days, respec-
tively, as well as in the cingulate cortex (115%) at 14 days.
No increases were seen in the cingulate cortex at 3 days as
well as in the hippocampus and substantia nigra at either 3
or 14 days after drug treatment (data not shown). METH had

Fig. 5. Effects of METH treatment (5 mg/kg 3 4) on [3H]PK-11195-labeled mitochondrial benzodiazepine binding sites in the CPu and cingulate cortex
of IL-61/1 and IL-62/2 mice. Values represent means 6 S.E.M. of five to seven animals per group. The absolute values (nanoCuries per milligram
of tissue) for saline and METH-treated groups at 3 days are: CPu, 26.59 6 0.33 and 33.78 6 1.87 (IL-61/1); 28.06 6 0.92 and 26.85 6 1.03 (IL-62/2),
cingulate cortex, 30.25 6 1.09 and 32.56 6 1.83 (IL-61/1); 31.76 6 1.27 and 25.86 6 1.43 (IL-62/2). At 14 days: CPu, 20.29 6 0.36 and 25.69 6 0.68
(IL-61/1), 21.23 6 0.54 and 23.13 6 0.49 (IL-62/2), cingulate cortex, 22.48 6 0.71 and 25.76 6 0.69 (IL-61/1), 24.04 6 1.11 and 22.56 6 0.73
(IL-62/2). **P , .01; ***P , .001 compared with saline-treated mice of similar genotypes; !!P , .01, !!!P , .001 compared with METH-treated
wild-type mice.
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no significant effect on [3H]PK-11195 binding in any of these
brain regions in IL-62/2 mice.

TUNEL Staining. To determine the contribution of IL-6
to METH-induced apoptotic cell death, mouse brains were
examined for the occurrence of TUNEL-positive nuclei 7 days
after drug (10 mg/kg 3 4) treatment. Representative pho-
tomicrograms of TUNEL-positive cells in the parietal cortex
of wild-type and IL-62/2 mice treated with saline and
METH are presented on Fig. 6,A to D. Very few positive cells
are seen in the parietal cortices of saline-treated mice of both
genotypes (Figs. 6, A and C). However, administration of
METH caused marked increases in TUNEL-positive staining
in nondopaminergic cells at 1 week after drug treatment
(Figs. 6, B and D). Quantification of these effects revealed
that METH caused significant differences in the number of
TUNEL-positive cells found in the brains of METH-treated
IL-61/1 versus METH-treated IL-62/2 mice (Fig. 6E).

Temperature. Animal core-body temperature was re-
corded at 1-h intervals for the duration of METH injection
regimen (7 h). The results showed that animals treated with
METH had a hyperthermic response to the drug (Fig. 7).
METH caused increases of core body temperature from 37.5
to 38.9°C both in wild-type and IL-62/2 mice. Statistical

analysis revealed no significant differences between the wild-
type and mutant mice.

Levels of METH and AMPH. The levels of METH and its
major metabolite AMPH in the CPus, frontal cortices, and
hippocampi of wild-type and IL-62/2 mice are presented in
Table 1. The time-points chosen for measurement of the drug
levels correspond to the time of significant increase of extra-
cellular drug levels in the CPu after a single dose (Melega et
al., 1999) and after neurotoxic regimen (Clausing et al., 1995)
of AMPH analogs. Levels of METH in the CPu were not
significantly different between IL-61/1 and IL-62/2 ani-
mals at any of the time points examined. No differences were
observed in the striatal AMPH levels between wild-type and
mutant mice after the first and fourth injections of METH.
However, after third injection, the IL-62/2 mice showed a
24% higher concentration of the drug. In the frontal cortex,
METH and AMPH levels were not different between IL-61/1
and IL-62/2 mice sacrificed at any of the time points. In the
hippocampus, there were some differences in METH levels
between the two genotypes, with the IL-62/2 mice showing
18 to 21% higher levels than the IL-61/1 animals after the
third and fourth injections of METH. The levels of METH
were 22% lower in the IL-62/2 mice after first injection. No

Fig. 6. A-D, representative photomicrographs of
TUNEL-stained cell bodies in the cortices of mice. Very
few positive cells could be seen in the cortices of saline-
treated mice of both genotypes (A, C). METH (10 mg/
kg 3 4) caused marked increases in TUNEL-positive
cells in mice sacrificed at 7 days (B, D) after treatment.
The arrows point to typical positive cells. E, statistical
analysis of the quantitative data obtained from count-
ing TUNEL-positive cells. Values represent means 6
S.E.M. of five to eight animals per group. *P , .05
compared with saline-treated mice of similar geno-
types; !P , .05 compared with METH-treated IL-61/1
mice. Scale bar, 100 mm.
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differences in AMPH levels were seen after the first and
fourth injections; however, there was a 35% higher concen-
tration of AMPH in the IL-62/2 mice compared with control
mice after the third injection of METH (Table 1).

Discussion
The main finding of the study is that METH neurotoxicity

is attenuated in IL-62/2 mice. This is supported by the
following observations: 1) METH resulted in less depletion of
DA and DAT binding in the CPu and cortices of IL-62/2
mice; 2) METH-induced reduction in 5-HT levels in CPu and
hippocampus and alterations in SERT binding were almost
completely abolished in IL-62/2 mice; 3) METH-induced
reactive gliosis was markedly inhibited in the CPus and
cortices of the IL-62/2 mice; and 4) DNA fragmentation
measured by TUNEL-positive cells was less prominent in
nonmonoaminergic cortical cells of METH-treated IL-62/2
mice. Although the present data identify IL-6 as another
potential mediator of the long-term effects of METH, the
observation that there was only partial protection against
the toxic effects on monoaminergic terminals and nonmono-
aminergic cell bodies in IL-62/2 mice suggests that METH

may be causing its effects through both IL-6- dependent and
-independent pathways. Previous studies have documented
increased IL-6 gene expression in cultured astrocytes after
ischemic injury (Yu and Lau, 2000) as well as in the striatum
after quinolinic acid administration (Schiefer et al., 1998).
These observations further enhance the idea that IL-6 over-
production is associated with neurodegenerative damage. In
any case, future studies documenting the effects of METH on
IL-6 cytokine are needed. These are presently ongoing in our
laboratory.

Increased body temperature has been reported to play a
role in METH neurotoxicity (Miller and O’Callaghan, 1994;
LaVoie and Hastings, 1999). IL-6 has been demonstrated to
be an essential component of the interleukin-1b (IL-1b)- and
lipopolysaccaride-induced fever (Chai et al., 1996). Thus, it
was conceivable that the protection observed in METH-
treated IL-62/2 mice might have been caused by a lack of
temperature elevation. However, this supposition is not sup-
ported by our demonstration that METH caused increases in
body temperature in both groups of mice.

Another possible explanation for the differential effects of
METH in these two genotypes might be differential pharma-

Fig. 7. Effects of METH (10 mg/kg 3 4) on
core temperature in IL-61/1 and IL-62/2
mice. Core temperature was recorded in an-
imals every 1 h during the administration of
METH (the four injections of METH indi-
cated by arrows) (mean 6 S.E.M.; n 5 10–
12). There were no statistical differences in
the METH-induced temperature elevation
between the two genotypes of mice. Saline-
treated animals did not exhibit changes in
core body temperature over time (data are
not shown for the sake of clarity). Recorded
ambient temperature was between 28.5 and
30.0°C.

TABLE 1
Levels of METH and AMPH (nanograms per milligram of tissue weight) in the brain structures of IL-61/1 and IL-62/2 mice 30 min after first,
third, and fourth injections of METH (5 mg/kg)
METH and AMPH levels were measured by GC-MS as described under Materials and Methods. Data are presented as mean 6 S.E.M. of three to four mice per group.

5 mg/kg 3 1 5 mg/kg 3 3 5 mg/kg 3 4

METH AMPH METH AMPH METH AMPH

CPu
IL-61/1 mice 10.64 6 0.75 0.97 6 0.03 13.10 6 1.54 1.53 6 0.08 11.91 6 0.91 1.65 6 0.04
IL-62/2 mice 8.53 6 0.52 0.76 6 0.05 14.60 6 0.70 1.89 6 0.09** 14.67 6 0.96 1.78 6 0.09

Frontal Cortex
IL-61/1 mice 3.41 6 0.15 0.35 6 0.03 4.27 6 0.79 0.52 6 0.10 4.20 6 0.41 0.58 6 0.03
IL-62/2 mice 2.78 6 0.14 0.52 6 0.10 4.84 6 0.26 0.67 6 0.05 4.90 6 0.10 0.65 6 0.05

Hippocampus
IL-61/1 mice 3.32 6 0.15 0.36 6 0.02 3.75 6 0.13 0.49 6 0.02 4.02 6 0.20 0.60 6 0.01
IL-62/2 mice 2.59 6 0.16* 0.31 6 0.01 4.43 6 0.11* 0.66 6 0.05** 4.87 6 0.27** 0.66 6 0.03

* P , .05. ** P , .01, compared with IL-61/1 mice (analysis of variance followed by protected least significant difference test).
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cokinetic handling of the drug by the animals. As reported
above, there were no substantial differences in the levels of
METH or AMPH measured in the CPus or cortices of these
animals. It should be noted that, if anything, both AMPH and
METH showed higher levels in the hippocampus of IL-62/2
mice. Thus, if the pharmacokinetic explanation was correct,
then the IL-62/2 mice would have been more profoundly
affected by METH toxic effects. However, as reported above,
this is not the case (see Figs. 2 and 4). This argument thus
suggests that other mechanistic possibilities need to be en-
tertained. In what follows, we discuss potential scenarios via
which METH could perturb the IL-6 pathway to cause its
neurotoxic effects.

The accumulated evidence supports the view that forma-
tion of toxic radicals, generated from METH-induced DA
release, might be the main triggers of METH toxicity to
DA-ergic neurons (for review, see Cadet and Brannock,
1998). Similar oxidative mechanisms might be involved in
the toxic effects of METH on other monoaminergic systems.
For example, it seems that DA is required for METH-evoked
5-HT-ergic disfunction because inhibition of DA synthesis by
a-methyltyrosine attenuates (Schmidt et al., 1985), whereas
L-3,4-dihydroxyphenylalanine potentiates (Schmidt et al.,
1991) METH-induced 5-HT deficits. Moreover, oxygen-based
radicals might also participate in METH-induced deleterious
effects on the 5-HT-ergic system (Wrona et al., 1995).

In addition to its involvement in METH-induced damage to
monoaminergic systems, our observations support a role for
IL-6 in METH-induced apoptosis. This might occur through a
scenario similar to the one described above because free
radicals are known causes of apoptosis (Clement and Pervaiz,
1999).

In addition to DA-mediated generation of reactive oxygen
species, METH might produce free radicals via IL-6-induced
up-regulation of Fas and Fas ligand in astrocytes (Choi et al.,
1999). This idea is supported by the report that stimulation
of Fas cell death pathway is associated with increased pro-
duction of hydrogen peroxide and superoxide radicals (Jay-
anthi et al., 1999) in a fashion similar to what has been
reported for METH (Cadet et al., 1994; Jayanthi et al., 1998).
Any superoxides produced in this manner could sequentially
react with NO to form the neurotoxic peroxynitrite, with
subsequent damage to cell bodies and nerve terminals. The
observations that NO production occurs in microglia and
astrocytes (Xiao and Link, 1998) support this contention.

Interestingly, METH caused decreases in SERT binding in
the hippocampus and substantia nigra pars reticulata but
increases in the CPu and cingulate cortex. Although the
decreases are most probably related to depletion of 5-HT
uptake sites located on 5-HT terminals, the increases might
be related to changes in SERT that have been shown to be
located on astrocytes (Bel et al., 1997; Hirst et al., 1998). This
proposition is consistent with the observation of increased
[3H]PK-11195 binding in the same brain regions (compare
Figs. 4 and 5; see also below). It is possible to suggest,
nevertheless, that the increase in SERT binding in the CPu
could reflect hypertrophy of existing 5-HT-ergic terminals
secondary to DA depletion, as has been reported after 6-hy-
droxydopamine-induced lesions when decrease in DA levels
is greater than 90% (Commins et al., 1989; Zhou et al., 1991).
This is probably not the case in the present study because
there was only a 48% depletion of DA in the CPu (Fig. 1).

In the CNS, MBBS are primary localized on nonneuronal
elements such as astrocytes and microglia (Myers et al.,
1991; Banati et al., 1997). Neuronal damage produced by a
variety of insults is associated with the proliferation of reac-
tive astrocytes and microglia. Thus, increases in MBBS bind-
ing has been used as a marker for reactive gliosis because a
good correlation seems to exist between neuronal damage,
gliotic response, and increases in [3H]PK-11195 binding (Ku-
hlmann and Guilarte, 1999). Because METH neurotoxicity is
also associated with reactive gliosis (Deng et al., 1999), our
demonstration that METH-induced increase in MBBS bind-
ing is inhibited in IL-62/2 mice, provide further support for
a role for the participation of this cytokine in the toxicity of
this drug.

It is of interest that astrocytes as well as microglia can be
activated by variety of stimulus to secrete IL-6. For example,
stimulation of astrocytes by IL-1b caused an increase in IL-6
synthesis (Benveniste et al., 1990). Thus, the demonstrated
increase in IL-1b in the hypothalamus of METH-treated
animals (Yamaguchi et al., 1991) suggests a scenario in
which IL-1b might lead to initial glial secretion of IL-6 fol-
lowed by an autostimulatory IL-6 feedback mechanism. This
idea is supported by observation that IL-6 can induce astro-
cytic proliferation both in vitro (Guillemin et al., 1996) and in
vivo (Chiang et al., 1994).

In conclusion, this study documents for the first time that
METH-induced damage to DA and 5-HT terminals, apoptotic
cell death, and reactive gliosis are attenuated in IL-6 knock-
out mice. Although the role of IL-6 in METH-induced damage
remains to be fully clarified, the protection afforded by the
IL-6 null genotype, suggests that the cytokine might be an
important component of the toxic cascade caused by the drug.
When taken together with the accumulated literature, a pic-
ture of METH neurotoxicity is developing that seems to in-
volve much more complex phenomena than hitherto imag-
ined. This is exemplified by the recent observation that this
illicit drug can cause apoptosis (Cadet et al., 1997; Deng et
al., 1999), itself a very complicated pathophysiological event.
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