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Methamphetamine (METH) is a powerful psychostimulant that
is increasingly abused worldwide. Although it is commonly
accepted that the dopaminergic system and oxidation of do-
pamine (DA) play pivotal roles in the neurotoxicity produced by
this phenylethylamine, the primary source of DA responsible for
this effect has remained elusive. In this study, we used mice
heterozygous for vesicular monoamine transporter 2 (VMAT2
1/2 mice) to determine whether impaired vesicular function
alters the effects of METH. METH-induced dopaminergic neu-
rotoxicity was increased in striatum of VMAT2 1/2 mice com-
pared with wild-type mice as revealed by a more consistent DA

and metabolite depletion and a greater decrease in dopamine
transporter expression. Interestingly, increased METH neuro-
toxicity in VMAT2 1/2 mice was accompanied by less pro-
nounced increase in extracellular DA and indices of free radical
formation compared with wild-type mice. These results indicate
that disruption of vesicular monoamine transport potentiates
METH-induced neurotoxicity in vivo and point, albeit indirectly,
to a greater contribution of intraneuronal DA redistribution
rather than extraneuronal overflow on mediating this effect.

Key words: vesicular monoamine transporter; methamphet-
amine; dopamine; microdialysis; GFAP; free radicals

Administration of the psychostimulant methamphetamine
(METH) to experimental animals results in prolonged reduction
of dopamine (DA) and serotonin levels, depressed activity of
tyrosine hydroxylase (TH) and tryptophan hydroxylase, and de-
creased dopamine transporter (DAT) and serotonin transporter
binding sites in the brain, alterations that are commonly consid-
ered to be indices of METH neurotoxic action (Gibb and Kogan,
1979; Hotchkiss and Gibb, 1980; Ricaurte et al., 1980; Wagner et
al., 1980; Seiden and Ricaurte, 1987; Pu and Vorhees, 1993;
Seiden and Sabol, 1995). The mechanisms underlying METH
neurotoxicity have been studied primarily with respect to the
dopaminergic system and suggest that DA contributes to the
neurotoxic effects of METH. In fact, a-methyl-p-tyrosine
(aMPT), a catecholamine synthesis inhibitor, prevents the toxic
effects of METH (Wagner et al., 1983; Schmidt et al., 1985; Axt
et al., 1990), whereas L-3,4-dihydroxyphenylalanine administra-
tion reverses the protective effects of aMPT (Schmidt, 1992;
Weihmuller et al., 1993). Moreover, it has been suggested that the
interaction of METH with DAT alters the homeostasis of the
dopaminergic neuron, resulting in neurotoxicity (Schmidt and

Gibb, 1985; Marek et al., 1990a,b). In view of this hypothesis, we
have recently demonstrated that mice lacking the DAT are
protected against the toxic effects of METH (Fumagalli et al.,
1998), highlighting the essential role DAT plays in METH-
induced dopaminergic neurotoxicity.

Two major hypotheses have been proposed to explain METH-
induced neurotoxicity. First, it has been suggested that the ability
of the drug to mobilize DA from intraneuronal pools to the
extracellular space by outward transport through DAT may allow
extraneuronal DA oxidation to highly reactive molecules, result-
ing in subsequent neurotoxicity (Seiden and Vosmer, 1984; De
Vito and Wagner, 1989; Axt et al., 1990; Marek et al., 1990a,b;
O’Dell et al., 1991, 1993). Alternatively, redistribution of DA
from synaptic vesicles to cytoplasmic compartments and conse-
quent elevation of oxidizable DA concentrations has been postu-
lated to be primarily responsible for dopamine terminal injury by
amphetamines (Cubells et al., 1994; Liu and Edwards, 1997;
Wrona et al., 1997; Uhl, 1998). Thus, although DA clearly plays a
role in METH neurotoxicity, the DA pool responsible for this
toxicity remains unclear. However, both hypotheses suggest that
disruption of the delicate balance that exists among vesicular,
cytoplasmic, and extracellular DA pools may cause the neurotoxic
effect of METH. Hence, synaptic processes regulated by vesicular
and plasmalemmal transporters might be determinants of the cell
vulnerability to METH action.

In the CNS, DA, serotonin, and norepinephrine are packaged
into specialized secretory vesicles by vesicular monoamine trans-
porter 2 (VMAT2) (Rudnick and Clark, 1993; Schuldiner et al.,
1995; Lesch et al., 1996; Fon et al., 1997; Liu and Edwards, 1997;
Takahashi et al., 1997; Varoqui and Erickson, 1997; Wang et al.,
1997). It has been suggested that amphetamines, through inter-
action with VMAT2, cause monoamine displacement from these
vesicles, resulting in increased cytoplasmic DA levels (Pifl et al.,
1995; Sulzer et al., 1995; Fon et al., 1997; Wang et al., 1997; Jones
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et al., 1998b). The recent development of genetically altered mice
heterozygous for VMAT2 (VMAT2 1/2 mice) (Fon et al., 1997;
Takahashi et al., 1997; Wang et al., 1997) provides a unique
opportunity to gain insight into the neuronal mechanisms partic-
ipating in the neurotoxicity of METH. Thus, to define the role
played by vesicular monoamine uptake and storage in METH-
induced dopaminergic neurotoxicity, we have examined the ef-
fects of METH in VMAT2 1/2 mice.

MATERIALS AND METHODS
Animals. The heterozygous mice (VMAT2 1/2 mice) were generated as
described previously (Wang et al., 1997). Whereas homozygous mice
(VMAT2 2/2 mice) die within 1 week of birth, VMAT2 1/2 mice are
viable into adulthood. Mice were genotyped by Southern blot analysis of
tail biopsies (Wang et al., 1997). Male wild-type (VMAT2 1/1) and
VMAT2 1/2 C57BL/129SvJ mice (3 months old) were used for all
experiments. Animals were separated into different cages according to
sex and genotype and maintained under standard housing conditions.
Food and water were provided ad libitum. Animal care was in accordance
with the Guide for Care and Use of Laboratory Animals (National Insti-
tutes of Health publication 865–23, Bethesda, MD) and approved by the
Institutional Animal Care and Use Committee. Rectal body temperature
was determined using a digital thermometer (Physitemp, Clifton, NJ).

Drugs. Methamphetamine (Sigma, St. Louis, MO) or vehicle (0.9%
NaCl) were administered as either four subcutaneous injections (15
mg/kg, s.c.), each given 2 hr apart, or a single dose (15 or 30 mg/kg, s.c.).
Reserpine and tetrabenazine were dissolved in acetic acid, diluted and
administered at 5 mg/kg intraperitoneally. a-Methyl-p-tyrosine (Re-
search Biochemicals, Natick, MA) was suspended in Tween 20 and
administered at 250 mg/kg intraperitoneally.

Measurements of DA and metabolites. Dissected striata were homoge-
nized in 0.1 M perchloric acid containing 100 ng/ml 3,4-
dihydroxybenzylamine (DHBA) as an internal standard. Homogenates
were centrifuged for 10 min at 10,000 3 g. Supernatants were filtered
through 0.22 mm filters and analyzed for levels of DA, 3,4-
dihydroxyphenilacetic acid (DOPAC), and homovanillic acid (HVA),
using HPLC with electrochemical detection (HPLC-EC). DA and me-
tabolites were separated on a microbore reversed-phase column (C-18; 5
mm; 1 3 150 mm; Unijet; BAS, West Lafayette, IN) using a mobile phase
consisting of 0.03 M citrate phosphate buffer with 2.1 mM octanesulfonic
acid, 0.1 mM EDTA, and 17% methanol, pH 3.6, at a flow rate of 90
ml /min and detected by a 3 mm glassy carbon Unijet electrode (BAS) set
at 10.85 V (Gainetdinov et al., 1997).

Western blotting. Analysis of DAT protein levels in the striata of
mutant and wild-type mice was performed by Western blotting (Gainet-
dinov et al., 1998a). Dissected striata were homogenized in a buffer
containing 320 mM sucrose, 5 mM HEPES, 1 mg/ml leupeptin, 1 mg/ml
aprotinin, and 1 mg/ml pepstatin. Homogenates were centrifuged, and
the resulting pellet was resuspended in sample buffer (62.5 mM Tris-HCl,
20% glycerol, 2% SDS, 0.01% bromphenol blue, and 1 mM dithiothreitol)
and subjected to SDS-PAGE (10%). Proteins were electrophoretically
transferred to a polyvinylidene difluoride membrane, and nonspecific
sites were blocked in 5% nonfat dry milk in Tris-buffered saline (135 mM
NaCl, 2.5 mM KCl, 50 mM Tris, and 0.1% Tween 20, pH 7.4). Membranes
were then incubated in the presence of a monoclonal antibody to the N
terminus of DAT [DAT-Nt (Miller et al., 1997)] in Tris-buffered saline
with 2% nonfat dry milk. DAT antibody binding was detected using a
sheep anti-rat horseradish peroxidase secondary antibody (ICN Bio-
chemicals, Costa Mesa, CA) and enhanced chemiluminescence (Pierce,
Rockford, IL). Densitometric analysis was performed and calibrated to
coblotted dilutional standards of control striatum. Blots were then
stripped for 20 min at 80°C (8 M urea, 100 mM 2-mercaptoethanol, and
62.5 mM Tris, pH 6.8) and reprobed with an antibody to a-tubulin
(Sigma).

In vivo microdialysis. In vivo microdialysis in freely moving mice was
Figure 1. Effect of reserpine (A), tetrabenazine (B), and a-methyl-p-
tyrosine (C) on DA and metabolite content in striatum and frontal cortex.
The data are presented as percentages of DA, DOPAC, and HVA levels
in saline-treated controls, respectively, which were as follows: striatum,
20.7 6 2.3, 1.3 6 0.05, and 1.6 6 0.1 ng/mg wet tissue in wild-type mice;
15.2 6 0.4, 1.7 6 0.1, and 1.4 6 0.05 ng/mg wet tissue in VMAT2 1/2
mice; frontal cortex, 0.05 6 0.03, 0.02 6 0.01, and 0.08 6 0.01 ng/mg wet
tissue in wild-type mice; 0.06 6 0.005, 0.03 6 0.04, and 0.1 6 0.005 ng/mg
wet tissue in VMAT2 1/2 mice. Animals treated with reserpine or
tetrabenazine (5 mg/kg, i.p) were killed 6 and 1 hr, respectively, after
injection.

4

Animals treated with aMPT (250 mg/kg) were killed 1 hr after admin-
istration. Dopamine and metabolite levels were determined using
HPLC-EC as described in Materials and Methods. Values represent the
mean 6 SEM of four to five independent determinations. ***p , 0.001;
**p, 0.01; and *p , 0.05 versus treated wild-type animals.
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performed as described previously (Gainetdinov et al., 1997; Wang et al.,
1997; Fumagalli et al., 1998). Mice were anesthetized with chloral hy-
drate (400 mg/kg, i.p.) and placed in a stereotaxic apparatus. Dialysis
probes (2 mm membrane length; 0.24 mm outer diameter; cutoff of 6000
Da; Cuprophane; CMA/Microdialysis, Solna, Sweden) with CMA-11
guide cannulas implanted into the right striatum. The stereotaxic coor-
dinates for implantation of microdialysis probes were as follows: antero-
posterior, 0.0; dorsoventral, 4.4; and lateral, 2.5 for both wild-type and
VMAT2 1/2 mice relative to bregma (Franklin and Paxinos, 1996).
Placement of the probe was verified by subsequent histological
examination.

After surgery, animals were returned to their home cages with access
to food and water ad libitum. Twenty-four hours after surgery, the
dialysis probe was connected to a syringe pump (A-99; Razel Scientific
Instruments, Stamford, CT) and perfused at 1 ml /min with artificial CSF
(in mM): Na 1 150; K 1 3.0; Ca 21 1.4; Mg 21 0.8; PO4

2 31.0; and Cl 2 155,
pH 7.3 (ESA Inc., Bedford, MA). After a 1 hr equilibration period, the
perfusate was collected every 20 min into tubes containing 1 ml of 2 M
perchloric acid. At least four control samples were taken before METH
was administered. Perfusate samples were assayed for DA using
HPLC-EC by the same chromatographic conditions described above.
The sensitivity of the method permitted detection of ;3 fmol of DA.

Analysis of f ree radical formation. To evaluate the level of hydroxyl
radical formation, the “salicylate” microdialysis technique on freely mov-
ing mice was used (Obata and Chiueh, 1992; Chiueh et al., 1993;
Fumagalli et al., 1998). The microdialysis procedure was performed as
above. For trapping hydroxyl radicals, the striatum was perfused with 5
mM sodium salicylate in Ringer’s solution. Brain dialysate (1 ml /min) was
collected every 20 min and assessed immediately for 2,3-DHBA and
2,5-DHBA concentrations using HPLC-EC under the chromatographic
conditions described previously (Fumagalli et al., 1998).

Data analysis. The data are presented as means 6 SEM and were
analyzed statistically using ANOVA with Fisher’s protected least signif-
icant difference test.

RESULTS
Pharmacological characterization of DA pools in
VMAT2 1/2 mice
Previous studies demonstrated that reduced levels of VMAT2
protein in VMAT2 heterozygote knock-out mice result in a
decrease in the tissue content and release of striatal DA (Fon et
al., 1997; Wang et al., 1997; Gainetdinov et al., 1998a). To
determine whether the impaired vesicular transport can affect
intracellular compartmentalization of DA (i.e., portion of cyto-
plasmic vs vesicular storage) in VMAT2 1/2 mice, the effects of
drugs interacting with monoamine vesicular transport or synthesis
of DA were assessed in the striatum and frontal cortex of wild-
type (VMAT2 1/1) and VMAT2 1/2 mice. Reserpine and
tetrabenazine, irreversible and short-acting inhibitors of vesicular
transport, respectively, were administered at 5 mg/kg, and the
content of DA and its metabolites, DOPAC and HVA, were
determined. Both drugs caused modest to marked depressions in
the striatal and cortical DA content of the two genotypes at the
time points examined, with reserpine displaying more pro-
nounced effects (Fig. 1A,B). In fact, the levels of DA in frontal
cortex of reserpine-treated animals were below the limits of
detection in our assay system. In contrast, DA metabolite levels
were markedly increased (1.5-fold to sixfold) in both brain re-
gions and in both genotypes, with the exception of reserpine-
treated VMAT2 1/2 striatum. In this case, no elevation was
detected in either DOPAC or HVA levels. These observations
(i.e., depression of tissue DA content and elevation of metabolite
levels) represent characteristic responses to vesicular transport
inhibitors and are believed to reflect monoamine redistribution
from vesicles to cytoplasm and subsequent metabolism by mono-
amine oxidase (MAO) (Brodie et al., 1955; Carlsson, 1987; Cal-
laway et al., 1989; Fairbrother et al., 1990; Colzi et al., 1993). It
should be noted that, consistent with these pharmacological ob-

servations, the steady state tissue levels of DA are reduced and
DOPAC levels are elevated in the striatum of VMAT2 1/2 mice
(Wang et al., 1997) (Figs. 1, 2). Importantly, the reduced ability of
the drugs at elevating DOPAC, the intraneuronal product of

Figure 2. Effects of METH on striatal DA and metabolite content after
different paradigms of administration and dosing regimens. A, Two-day
post-METH administration. Animals were treated with METH (4 times
at 15 mg/kg, s.c., each given 2 hr apart) and killed 2 d after the last
injection. The data are presented as percentages of saline-treated con-
trols, which were as follows: 15.6 6 1.4, 1.08 6 0.01, and 1.39 6 0.1 ng/mg
wet tissue in wild-type mice; 14.3 6 1.2, 1.4 6 0.3, and 1.47 6 0.2 ng/mg
wet tissue in VMAT2 1/2 mice for striatal DA, DOPAC, and HVA,
respectively. B, C, Seven-day post-METH administration. Animals were
treated with a single subcutaneous injection of METH at 30 (B) or 15 (C)
mg/kg and killed 7 d after injection. The data are presented as percent-
ages of saline-treated controls, which were as follows: 20.7 6 0.8, 1.2 6
0.1, and 1.4 6 0.1 ng/mg wet tissue in wild-type mice; 15.6 6 1.2, 1.5 6 0.1,
and 1.5 6 0.1 ng/mg wet tissue in VMAT2 1/2 mice for striatal DA,
DOPAC, and HVA, respectively. DA and metabolite levels were deter-
mined using HPLC-EC as described in Materials and Methods. Values
represent the mean 6 SEM of four to five independent determinations.
**p , 0.01; *p , 0.05 versus METH-treated wild-type animals.
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cytosolic DA metabolism by MAO (Zetterstrom et al., 1988), in
VMAT2 1/2 compared with wild-type mice suggests that less
DA has been mobilized from the vesicles to the cytoplasm.

A quite different picture was revealed when the effect of cate-
cholamine synthesis blockade on DA and metabolite levels was
examined. Short-term treatment (1 hr) with 250 mg/kg intraperi-
toneal aMPT, a potent TH inhibitor (Javoy and Glowinsky, 1971;
Bannon et al., 1981; Mignot and Laude, 1985; Fairbrother et al.,
1990), modestly reduced striatal DA levels in both wild-type and
VMAT2 1/2 mice, with a slight but significant increase in the
response in the latter animals (Fig. 1C). Similarly, the greater
reductions in DA levels were found in frontal cortex of VMAT2
1/2 mice. The increased sensitivity to TH inhibition in frontal
cortex compared with striatum confirms a higher DA turnover
rate of mesocortical DA neurons (Bannon et al., 1981). Moreover,
the heightened dopaminergic sensitivity to catecholamine synthe-
sis inhibition in both brain regions of VMAT2 1/2 mice suggests
that, under basal conditions, the portion of newly synthesized
DA, which is presumably cytoplasmic (Fairbrother et al., 1990;
Seiden et al., 1993), is higher in heterozygous animals.

Effect of METH on DA content in striatum
The effects of METH on the dopaminergic parameters in the
striatum of wild-type and VMAT2 1/2 mice were measured by
HPLC-EC as an index of neurotoxicity. Multiple injections of
METH (four times at 15 mg/kg, s.c., each given 2 hr apart)
produced an 85% decrease in DA levels in the striatum of
wild-type animals 2 d after treatment (Fig. 2A). However,
METH caused a slightly greater reduction (293%) in DA levels
of VMAT2 1/2 mice (Fig. 2A). DOPAC and HVA levels also
tended to be more depressed in VMAT2 1/2 compared with
wild-type animals (Fig. 2A). The apparent greater reductions in
DA and metabolite content of VMAT2 1/2 mice compared with
wild-type mice are consistent with an increased susceptibility of
the dopaminergic system to the neurotoxic action of METH in
mutant animals.

The long-term effects of METH toxicity were also tested 7 d
after administration using two dosing regimens. First, a single
injection of a high dose of METH (30 mg/kg, s.c.) was adminis-
tered and found to produce substantial decreases in striatal DA,
DOPAC, and HVA levels in both genotypes, although reduction
in DA level was more pronounced in VMAT2 1/2 mice (Fig.
2B). Whereas we previously used this same paradigm and clearly
demonstrated striatal DA depletion in wild-type mice 7 d after
METH administration (Fumagalli et al., 1998), in this study, we
used a lower dose (15 mg/kg, s.c.) to better discriminate the
decrease in DA content between the two genotypes. In this case,
no significant decrease in DA or metabolite levels was observed in
wild-type mice, whereas DA, DOPAC, and HVA levels were
decreased 37, 54, and 49%, respectively, in VMAT2 1/2 mice
7 d after METH injection (Fig. 2C). These results further support
the contention that METH induces more pronounced changes in
DA and metabolites in VMAT2 1/2 than wild-type mice.

Effect of METH on striatal DAT protein levels
To test whether the more pronounced reductions in DA levels in
VMAT2 1/2 mice after METH reflect neurodegeneration
rather than enhanced ability of the drug to deplete DA in these
animals (Wilson et al., 1996a; Gainetdinov et al., 1998b; Fuma-
galli et al., 1998), we analyzed DAT protein levels as an index of
nigrostriatal dopamine terminal integrity. Recent studies sug-
gested that striatal DAT protein levels can reliably serve as a

marker of DA terminal viability (Wilson et al., 1996b, Miller et
al., 1997; Gainetdinov et al., 1998a). Western blot analysis of
DAT protein was performed to assess the neurotoxic effects of
METH in the mice. Administration of METH (15 mg/kg, s.c.)
reduced DAT protein expression by 32.1 6 5% in wild-type and
61 6 11.4% in VMAT2 1/2 mouse striatum, demonstrating a
significant increase in the nigrostriatal damage in VMAT2 1/2
mice (Fig. 3). No differences were observed, however, between
VMAT2 1/2 and wild-type mice in basal striatal DAT protein
levels or synaptosomal uptake of DA (Gainetdinov et al., 1998b),
suggesting that the increased neurotoxicity in heterozygous mice
is not caused by alterations in DAT-mediated transport of DA
and/or METH.

Effect of METH on striatal extracellular DA levels
In vivo microdialysis was used to measure extracellular levels of
striatal DA in freely moving mice. METH administration (30
mg/kg, s.c.) induced 14-fold and sixfold increases in extracellular
DA levels in wild-type and VMAT2 1/2 mice, respectively (Fig.
4A). These observations agree with previous reports, which dem-
onstrate a reduced ability of amphetamine to release DA in
VMAT2 1/2 mice (Fon et al., 1997; Wang et al., 1997). It should
also be noted that the basal extracellular DA levels are 40% lower
in VMAT2 1/2 mouse striatum compared with wild-type mice
(Wang et al., 1997); dialysate concentrations of DA under the
present conditions were 95.1 6 28.3 (n 5 5) and 61.4 6 18.2 (n 5
7) fmol/20 ml for wild-type and VMAT2 1/2 mice, respectively.
In addition, dialysate levels of DOPAC after METH were de-
pressed similarly (;50%) in both genotypes (data not shown),
confirming that METH directly inhibits MAO (Seiden et al.,
1993; Fumagalli et al., 1998) and/or deprives MAO of substrate
via reverse DAT-mediated DA transport from cytoplasmic to
extracellular compartments (Zetterstrom et al., 1988).

Effect of METH on the indices of hydroxyl radical
formation in vivo
Formation of oxygen radicals has been suggested to underlie
METH-induced neurotoxicity, most likely through intraneuronal

Figure 3. Effect of METH on striatal DAT-Nt immunoreactivity. Ani-
mals were treated with METH (15 mg/kg, s.c.), and striata were har-
vested 7 d after the drug administration. Densitometric analysis of
DAT-Nt immunoreactivity was performed in both samples from individ-
ual animals (7 mice per group) and pooled samples for each group. Data
are presented as a representative blot using pooled samples from each
group. Immunoreactive bands of 85 kDa for DAT-Nt and 55 kDA for
a-tubulin were observed. Lanes 1–5, Standard curve from wild-type
mouse striatum (1.25, 2.5, 5, 10, and 20 mg, respectively). Lane 6, Wild-
type mice, saline-treated (10 mg). Lane 7, Wild-type mice, METH-treated
(10 mg). Lane 8, VMAT21/2 mice, saline-treated (10 mg). Lane 9,
VMAT21/2 mice, METH-treated (10 mg). Individual measurements
revealed a 32.1 6 5% reduction in wild-type versus 61 6 11.4% reduction
in the VMAT2 1/2 mice after METH. p , 0.05, between genotypes.
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and/or extraneuronal accumulation of DA and its consequent
oxidation (De Vito and Wagner, 1989; Chiueh et al., 1993; Cadet
et al., 1994; Cubells et al., 1994; Fleckenstein et al., 1997).
Microdialysis and HPLC-EC were used to measure the effect of
METH on the markers of hydroxyl radical formation, the levels of
2,3-DHBA and 2,5-DHBA, during intrastriatal infusion of salic-
ylate (Obata and Chiueh, 1992; Coudray et al., 1995). In agree-
ment with our previous study (Fumagalli et al., 1998), METH
produced a transient twofold to threefold increase in both 2,3-
DHBA and 2,5-DHBA levels in striatum of wild-type mice,
whereas only a marginal increase was observed in VMAT2 1/2
mice (Fig. 4B,C). It is noteworthy that basal dialysate levels of
2,3-DHBA and 2,5-DHBA were found to be similar in mutant and
wild-type mice.

Effect of METH on body temperature
Hyperthermia has been reported to directly correlate with dopa-
minergic neurotoxicity in mice (Bowyer et al., 1992, 1994; Albers
and Sonsalla, 1995). To examine whether differences in hyper-
thermia might correlate with the increased susceptibility of
VMAT2 1/2 mice to METH administration, rectal temperature
was monitored in wild-type and VMAT2 1/2 mice before and
after METH injection (15 and 30 mg/kg, s.c.). No differences
were observed between the two genotypes in the basal core
temperatures (37.1 6 0.1 and 37.0 6 0.1°C in wild-type and
VMAT2 1/2 mice, respectively) (n 5 13). One hour after the
injection of 15 mg/kg METH, body temperatures rose to 39.7 6
0.2 (n 5 7) and 39.4 6 0.3°C (n 5 7) and after 30 mg/kg METH
to 39.0 6 0.1 (n 5 6) and 39.4 6 0.2°C (n 5 6) for wild-type and
VMAT2 1/2 mice, respectively. Thus, it is unlikely that a more
pronounced hyperthermia could be a cause for the heightened
sensitivity of VMAT2 1/2 mice to METH-induced
neurotoxicity.

DISCUSSION
In this study, we provide evidence indicating that an impairment
in vesicular uptake increases METH-induced dopaminergic neu-
rotoxicity in vivo. First, METH produced a greater depletion of
DA and metabolite content in the striatum of VMAT2 1/2
compared with wild-type mice. Second, DAT expression was
reduced more in the striatum of VMAT2 1/2 mice after treat-
ment. Most importantly, however, our results are most consistent
with intraneuronal DA redistribution making a greater contribu-
tion than extraneuronal overflow in mechanisms of METH-
induced dopaminergic neurotoxicity. Indeed, despite the attenu-
ated increase in extracellular DA and indices of hydroxyl radical
formation in VMAT2 1/2 mice in response to METH, a more
pronounced METH-induced dopaminergic toxicity was found in
VMAT2 1/2 compared with wild-type mice.

Vesicular transporters, by modulating transport of neurotrans-
mitters and/or neurotoxins into vesicles, represent potential sites

Figure 4. Effect of METH (30 mg/kg, s.c.) on extracellular striatal DA
and indices of free radical formation. A, Microdialysis was used to mea-
sure extracellular monoamine levels in freely moving mice as described in
Materials and Methods. The data are expressed as percentage of average
values of at least three basal values before drug administration, each

4

mouse used as its own control. Means 6 SEM are shown (n 5 5–7). All
points representing the effect of METH in both wild-type and
VMAT21/2 mice were significantly different ( p , 0.05) from saline-
treated controls (data not shown). *p , 0.05 versus VMAT21/2 mice. B,
C, Effect of METH on the in vivo indices of hydroxyl radical formation in
the striatum. 2,3-DHBA (B) and 2,5-DHBA (C) dialysate concentrations
were measured during infusion of 5 mM salicylate into the striatum of
freely moving mice as described in Materials and Methods. Values rep-
resent the mean 6 SEM of four to six experiments. *p , 0.05 versus
VMAT21/2 mice.
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for the regulation of synaptic function, as well as protection
against neurotoxicity (Reinhard et al., 1988; Liu and Edwards,
1997; Takahashi et al., 1997; Varoqui and Erickson, 1997; Gai-
netdinov et al., 1998a). In fact, VMAT2 1/2 mice are more
susceptible to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) toxicity, demonstrating the role of vesicles in sequestra-
tion of MPP1, the toxic metabolite of MPTP (Takahashi et al.,
1997; Gainetdinov et al., 1998a). The findings that diminished
vesicular transport potentiates the damage caused by neurotoxins
with different mechanisms of action (i.e., MPTP and METH)
emphasizes the notion of vesicular stores as important defense
systems against neurotoxicity. In the case of METH, perturbation
of vesicular loading might alter the susceptibility of the neurons to
degeneration, perhaps as a result of redistribution of neurotrans-
mitters between storage vesicles and cytoplasm. Furthermore,
these data, together with our previous results showing the essen-
tial role that DAT plays in METH-induced neurotoxicity (Fuma-
galli et al., 1998), suggest the importance of the balance between
DAT- and VMAT2-mediated transport as a determinant of cell
vulnerability to METH.

There is an extensive literature regarding the role played by
DA as a mediator of the neurotoxic effects of METH. However,
the question as to whether intraneuronal or released DA mediates
METH-induced dopaminergic neurotoxicity has remained unan-
swered. The majority of the supporting data are consistent with
neurotoxicity requiring DA release and extracellular reactive
species (Seiden and Vosmer, 1984; Schmidt et al., 1985; Wagner
et al., 1985; De Vito and Wagner, 1989; Marek et al., 1990b;
O’Dell et al., 1991, 1993; Cadet et al., 1994). In the present study,
in agreement with previous observations with amphetamine (Fon
et al., 1997; Wang et al., 1997), we found that VMAT2 1/2 mice
display an attenuated striatal extracellular DA overflow after
METH treatment compared with wild-type mice. In addition,
indices of hydroxyl radical formation were elevated by METH
markedly less in VMAT2 1/2 mice than in wild-type animals.
Nevertheless, more prominent DA and metabolite depletion and
decrease in DAT expression were observed in heterozygous mice.
These results suggest a dissociation between the ability of the
drug to modulate extraneuronal DA dynamics and the degree of
METH-induced neurotoxicity in VMAT2 1/2 mice. Further-
more, these data suggest that alterations in intraneuronal DA
compartmentalization rather than elevation in extraneuronal lev-
els may represent the primary cause for the increased vulnerabil-
ity of the cell to the neurotoxic action of METH.

The possibility that METH may produce neurotoxicity by
affecting intracellular DA levels has been suggested previously
(Liu and Edwards, 1997; Wrona et al., 1997; Uhl, 1998). Cubells
and associates (1994) have reported that METH promotes intra-
neuronal DA-dependent formation of oxygen radicals in vitro,
suggesting that interaction of METH with intracellular DA pools
might represent a key mechanism of its neurotoxicity. METH,
like amphetamine, is known to displace DA from presynaptic
storage vesicles and to simultaneously inhibit its intracellular
degradation by MAO (Seiden et al., 1993; Sulzer et al., 1995;
Jones et al., 1998b; Fumagalli et al., 1998). The resulting elevation
of cytosolic DA may facilitate its own oxidation. Here, we show
that interruption of catecholamine synthesis by aMPT, which in
the short term affects primarily newly synthesized cytoplasmic
pool of DA (Fairbrother et al., 1990; Seiden et al., 1993), signif-
icantly decreased DA levels in VMAT2 1/2 compared with
wild-type mice, suggesting higher basal levels of cytoplasmic DA
in heterozygous mice.

It is reasonable to propose in a situation of altered vesicular
transport that both the perpetually higher basal levels of cytoplas-
mic oxidizable DA and the additional portion of DA redistributed
from vesicular stores to cytoplasmic compartment in response to
METH may together result in a higher oxidation rate, which
exceeds the scavenging ability of cellular protective systems. Sev-
eral studies support this interpretation. Reserpine-stimulated el-
evations in striatal cytoplasmic DA levels produce an increase in
cytoplasmic levels of highly reactive 5-S-cysteinyldopamine, a
product of DA oxidation (Fornstedt and Carlsson, 1989), and
potentiate METH-induced dopaminergic degeneration (Wagner
et al., 1983). Conversely, aMPT, which preferentially depletes the
cytoplasmic pool of DA, attenuates METH-induced neurotoxic-
ity (Wagner et al., 1983; Schmidt et al., 1985). Low vesicular
storage of DA in DAT knock-out mice (Gainetdinov et al., 1998b;
Jones et al., 1998a) might be responsible for the lack of METH
neurotoxicity in these animals. In this case, the ability of METH
to displace enough DA from vesicles to attain toxic cytoplasmic
concentrations may be prevented (Fumagalli et al., 1998). These
considerations imply an involvement of oxidative mechanisms in
METH toxicity; however, in the present study, increased toxicity
in VMAT2 1/2 mice did not correspond to the degree of
elevation of the indices of hydroxyl radical formation, at least at
the time points examined. Instead, these indices were correlated
to differences in extracellular DA dynamics. Thus, it is possible
that the technique used in this study may be limited by the
detection of hydroxyl free radicals originating solely from extra-
cellular DA oxidation. Alternatively, the possibility that en-
hanced METH toxicity in VMAT21/2 mice might involve the
reactive species undetectable by the in vivo salycilate microdialy-
sis method cannot be ruled out.

Although the most likely explanation for the increased vulner-
ability to METH in the VMAT21/2 mice is intraneuronal
redistribution of DA from the vesicular to the cytoplasmic com-
partment, other possibilities (such as alterations in MAO func-
tion or regulation of DA synthesis in mutant mice) cannot be
completely excluded. Further studies will be required to examine
other possibilities.

Several reports have suggested a direct correlation between
METH-induced hyperthermia and the severity of dopaminergic
neurotoxicity in mice (Bowyer et al., 1992, 1994; Albers and
Sonsalla, 1995). In contrast, other studies indicate that hyperther-
mia cannot solely account for the neuron-damaging effect elicited
by METH (Ricaurte et al., 1983; Wagner et al., 1983; Fumagalli
et al., 1998), suggesting that factors other than thermal responses
contribute to its neurotoxic effects. In our experiments, both
genotypes displayed approximately the same degree of hyper-
thermia after METH injection, indicating that the increased
toxicity observed in VMAT2 1/2 mice is unlikely to be caused
by a greater increase in body temperature.

In conclusion, we have demonstrated that genetic disruption of
vesicular transport results in a potentiation of METH-induced
dopaminergic neurotoxicity. Moreover, our data point to cyto-
plasmic DA, not released DA, as potentially a more important
contributor of this effect. Together, our results demonstrate that
compromised vesicular transport may represent an important
mechanism involved in the susceptibility to METH-induced neu-
rotoxicity. The addictive nature and recent escalation in abuse of
METH and other related drugs stress the importance of under-
standing the mechanisms leading to their neurotoxicity. In addi-
tion, these observations may have important implications in the
pathogenesis of neurodegenerative diseases, because cytoplas-
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mic oxidation of DA is suggested to play a role in Parkinson’s
disease (Liu and Edwards, 1997). Therefore, our findings,
aside from providing insight into the factors that account for
METH-induced neurotoxicity, might contribute to a better
understanding of the basic mechanisms involved in DA-related
neurodegeneration.
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