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  A BSTRACT  
 Methamphetamine (METH) and its derivative 3,4-methyl-
enedioxymethamphetamine (MDMA; ecstasy) are 2 substi-
tuted amphetamines with very high abuse liability in the 
United States. These amphetamine-like stimulants have 
been associated with loss of multiple markers for dopami-
nergic and serotonergic terminals in the brain. Among other 
causes, oxidative stress, excitotoxicity and mitochondrial 
dysfunction appear to play a major role in the neurotoxicity 
produced by the substituted amphetamines. The present 
review will focus on these events and how they interact and 
converge to produce the monoaminergic depletions that are 
typically observed after METH or MDMA administration. 
In addition, more recently identifi ed consequences of METH 
or MDMA-induced oxidative stress, excitotoxicity, and 
mitochondrial dysfunction are described in relation to the 
classical markers of METH-induced damage to dopamine 
terminals.  
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   INTRODUCTION 
 Methamphetamine (METH) and its derivative 3,4-methyl-
enedioxymethamphetamine (MDMA) are substituted 
amphetamines with potent central nervous stimulant effects. 
Acutely, METH and MDMA have numerous peripheral and 
central effects, leading to psychomotor activation, euphoria, 
decreased appetite, and hyperthermia. Because of their strong 
euphoric properties, METH and MDMA have a high abuse 
liability, and chronic use of either one can lead to psychotic 
and violent behaviors. Abuse of METH and MDMA is a 
growing problem in the United States: According to the 

2003 national surveys on drug use and health (NSDUH), 
1.4 and 2.1 million Americans aged 12 and older had tried 
METH and MDMA, respectively, within the month prior to 
the survey. The substance abuse and mental health services 
and administration (SAMSHA) reported that emergency 
room visits involving amphetamines increased by 54% 
between 1995 and 2002. 

 Preclinical studies have revealed that both METH and 
MDMA produce long-term damage to dopaminergic and 
serotonergic nerve terminals in multiple brain areas. Specif-
ically, METH administration has been shown to produce 
long-term decreases in numerous measures of both dopami-
nergic and serotonergic function such as enzyme activity, 
monoamine content, and monoamine transporters, while the 
MDMA-induced depletions have typically been more spe-
cifi c to serotonergic terminal markers. 1-3  Despite the exten-
sive clinical evidence that the substituted amphetamines are 
neurotoxic, the mechanisms involved in producing those 
effects are still not well understood. However, increasing 
evidence suggests that METH and MDMA-induced neuro-
toxicity involves the production of reactive oxygen and 
reactive nitrogen species, 4  and a subsequent induction of 
oxidative stress. The excessive extracellular dopamine (DA) 
concentrations resulting from the ability of the substituted 
amphetamines to reverse the carrier-mediated dopamine 
uptake system 5  can be oxidized enzymatically and nonen-
zymatically to form highly reactive dopamine quinones and 
reactive oxygen species, leading to increase in oxidative 
stress. 6  

 Glutamate has also been implicated in the toxicity produced 
by the substituted amphetamines. METH, but not MDMA, 
has been shown to increase the extracellular concentrations 
of glutamate in the striatum and the hippocampus. 4  ,  7-10  
Increases in extracellular glutamate levels have been associ-
ated with increases in reactive nitrogen species as well as 
activation of calcium-dependent proteases and cytoskeletal 
damage, supporting a role for excitotoxicity in mediating 
the long-term neurotoxicity produced by METH. Finally, 
alterations in energy metabolism have been hypothesized to 
mediate METH and MDMA-induced neurotoxicity, as sub-
stituted amphetamines have been shown to inhibit mito-
chondrial function. 11  ,  12  The purpose of this review is to 
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present the causes of substituted amphetamine-induced 
 toxicity, namely, oxidative stress, excitotoxicity, and mito-
chondrial inhibition, and to discuss how they interact and 
synergize to produce long-lasting neurotoxicity. 

  Amphetamine Neurotoxicity 
 It is now well documented that high doses of both METH 
and MDMA produce long-term neurotoxicity in rodents and 
nonhuman primates. Preclinical studies have revealed long-
term decreases in tyrosine and tryptophan hydroxylase 
activities after either METH 13  and/or MDMA administra-
tion. 14  METH has been shown to produce long-lasting 
depletions in dopamine and its metabolites, as well as dopa-
mine reuptake sites in the rat and primate striatum, but not 
in other dopamine rich areas such as the nucleus accumbens 
and the prefrontal cortex. 2  ,  15-17  In contrast to the neurotoxic 
effects to striatal DA terminals, METH administration 
affects serotonergic terminals in multiple brain areas, includ-
ing the prefrontal cortex, hippocampus, and striatum. 3  ,  18  
Methamphetamine toxicity to DA and 5-HT terminals has 
been shown to persist for up to 4 years after drug adminis-
tration in nonhuman primates, 19  and reduced levels of stria-
tal dopamine transporter were found in human abstinent 
methamphetamine users, 3 years or more after the last use 
of drug. 20  MDMA, unlike METH, has been shown to be 
selectively neurotoxic to serotonergic terminals. For 
instance, in rats, MDMA administration produced a reduc-
tion of 5-HT reuptake sites 21  and decreased striatal 5-HT 
and its metabolites. 22  ,  23  Ricaurte et al also demonstrated the 
neurotoxic effects of MDMA in nonhuman primates, 24  and 
evidence of MDMA-induced damage to serotonergic termi-
nals in humans have been reported. 25  ,  26  Examples of the 
effects of METH and MDMA on 5-HT and DA tissue con-
tent or reuptake sites in the rat striatum are shown in  Figures 
1  and  2 .  Figure 1  depicts serotonin and dopamine striatal 
tissue content in rats 7 days after administration of METH 
or MDMA (10 mg/kg, intraperitoneally [ip], every 2 hours 
for a total of 4 injections). METH administration produced 
signifi cant decreases in both 5-HT and DA tissue content, 
while MDMA administration produced a selective 50% 
decrease in 5-HT, but not DA content.  Figure 2  shows the 
corresponding effects of METH and MDMA treatment on 
the dopamine transporter (DAT) and the 5-HT transporter 
(SERT), respectively. In addition, MDMA and METH both 
produce a notable hyperthermic response, which has been 
shown to play an essential role in the development of long-
term toxicity to the 5-HT and DA terminals. Conversely, 
drugs or cool ambient temperatures that prevent hyperther-
mia have been shown to attenuate the toxic effects of METH 
and MDMA. 27  ,  28  
 In addition to the loss of various markers of 5-HT and/or 
DA terminals, evidence for axonal degeneration has been 

reported after METH administration. For instance, in rats, 
METH has been shown to increase silver- and fl uoro-Jade-
staining. 29-31  Similarly, glial fi brillary fl uorescent protein 
(GFAP), a marker for central nervous system (CNS) trauma 
or injury 32  has been reliably induced by METH treatment in 
rats 33  and mice. 34  Unlike the multiple histochemical studies 
supporting that METH could produce axonal degeneration, 
little evidence for degenerating neurons has been shown 
after MDMA administration. 35   

  Causes of Toxicity 
  Oxidative Stress 
 The free radical hypothesis of substituted amphetamine-
induced toxicity was proposed as early as 1989 by Gibb et 
al, after it was found that that MDMA-induced inactivation 
of tryptophan hydroxylase was reversed by sulfhydryl-
reducing compounds. 36  ,  37  The role of oxidative stress is fur-
ther supported by the fi ndings that the neurotoxic effects of 
METH and MDMA can be attenuated by free radical scav-
engers and antioxidants. 38-40  Similarly, administration of 
N-acetyl-cysteine was shown to decrease METH-induced 
damage to DA nerve terminals in the rat striatum. 41  It has 
been hypothesized that the excessive increases in intracel-
lular dopamine that follow METH and MDMA administra-
tion could lead to the formation of dopamine quinones and 
reactive oxygen species (ROS). 6  Accordingly, there is con-
siderable evidence that the increase in dopaminergic activ-
ity evoked by METH and MDMA plays an important role in 
mediating the toxicity to 5-HT and/or DA terminals. 42  ,  43  For 

  Figure 1.    Effects of METH and MDMA on 5-HT and DA tissue 
content in the striatum. METH (10 mg/kg), MDMA (10 mg/kg), 
or saline (1 mL/kg) were administered intraperitoneally every 2 
hours for a total of 4 injections. Rats were killed 7 days later. 
The data represent mean ± SEM of dopamine or serotonin 
content (in pg/ � g of proteins) in the striatum. * P  < .05, when 
compared with the saline controls, as measured by  t  test.   
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instance, attenuation of DA release by lesioning DA neu-
rons or blocking the DA transporter have been shown to 
protect against the long-term toxicity produced by METH 
and MDMA. 43-46  In the case of MDMA, which is only neu-
rotoxic to 5-HT terminals, it is believed that the excessive 
DA released in the synapse can be either taken up by the 
activated 5-HT transporter into the terminals or synthesized 
nonenzymatically inside the terminals from tyrosine, where 
it subsequently generates free radicals and produces oxida-
tive damage. 47  ,  48  In addition, oxidation of 5-HT, MDMA 
itself, and thioether metabolites of MDMA have also been 
implicated in MDMA-induced neurotoxicity. 49-51  MDMA 
has now been shown to increase hydroxyl radical formation 
in rats. 52-54  Similarly, METH-induced hydroxyl radical 

 generation has been demonstrated in rats 28  ,  55  as well as in 
mice 56 ; consequently these highly reactive free radicals can 
lead to the generation of lipid peroxides and oxidize pro-
teins in the nerve terminals. 

 In fact, MDMA was shown to produce lipid peroxidation 
and to reduce antioxidant content in 5-HT nerve termi-
nals, 52  ,  57  ,  58  events that usually accompany free radical for-
mation. Our laboratory showed that METH administration 
led to a rise in the formation of 2,3-dihydroxybenzoic acid 
(2,3DHBA) after local infusion of salicylate into the stria-
tum, demonstrating that METH could locally increase the 
formation of free radicals in the brain. 59  These results were 
in accordance with previous studies that showed that 
2,3DHBA formation could be augmented by METH using 
the peripheral administration of salicylate to trap hydroxyl 
radicals. 28  ,  55  We also showed that malonyldialdehyde, a 
lipid peroxidation product, was increased in the rat striatum 
24 hours after the injection of METH, suggesting that oxi-
dation of lipid also occurs in response to METH. Lipid 
 peroxidation following METH administration was also 
demonstrated by other groups in both rats 60  and mice. 61  

 The role of iron also appears to play an important role in the 
pro-oxidant effects of METH. The long-term depletion of 
dopamine content was attenuated by deferroxamine, an iron 
chelator. 59  This was the fi rst evidence that iron may be 
involved in the neurotoxic effects of METH. Because iron 
is known to catalyze the production of free radicals from 
hydrogen peroxide through the Fenton reaction, this fi nding 
further supports the hypothesis that amphetamine toxicity is 
mediated in part by oxidative stress. 

 In addition to reactive oxygen species, reactive nitrogen 
species (RNS) now appear to play a major role in mediating 
METH and MDMA-induced neurotoxicity. METH-induced 
toxicity in the mouse striatum can be attenuated by nitric 
oxide synthase (NOS) inhibition. 62  Similarly, Colado et al 
reported in 2001 that neuronal NOS inhibitors provided sig-
nifi cant neuroprotection against MDMA-induced long-term 
dopamine depletion in mice. 63  However, owing to the sub-
stantial differences between the effects of MDMA in rats 
and mice, such as MDMA ’ s ability to produce DA deple-
tions in mice, caution must be taken when making conclu-
sions regarding the mechanisms of MDMA-induced toxicity 
in mice. More recently, it has been demonstrated that 
 systemic administration of 2 NOS inhibitors,  N   �  -nitro-L-
 arginine methyl ester hydrochloride and  S -methyl-L-
thiocitrulline ( S -MTC), as well as the peroxynitrite 
decomposition catalyst Fe(III) tetrakis (1-methyl-4-pyridyl) 
porphyrin pentachloride (FeTPPS) attenuated the MDMA-
induced depletion of striatal 5-HT in the rat brain. 64  Of 
importance, this attenuation was obtained without altering 
the hyperthermic effects of MDMA. Therefore, the fi nding 
that NOS inhibitors could attenuate MDMA-induced 

  Figure 2.    Effects of METH and MDMA on DAT and SERT-
immunoreactivity in the striatum. METH (10 mg/kg), MDMA 
(10 mg/kg), or saline (1 mL/kg) were administered 
intraperitoneally every 2 hours for a total of 4 injections. Rats 
were killed 24 hours later and striatal DAT or SERT 
immunoreactivity was measured by Western blotting. Data are 
expressed as relative optical density (% saline controls).   
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 toxicity without attenuating its hyperthermic effects clearly 
demonstrated the involvement of nitric oxide in the MDMA-
induced 5-HT depletions. 64  In addition, MDMA-adminis-
tration signifi cantly increased the formation of nitric oxide 
as well as nitrotyrosine concentrations in the striatum. 
  Figure 3  depicts the effects of METH and MDMA adminis-
tration on nitrotyrosine concentration in the rat striatum. 
Both METH and MDMA produced more than a 2-fold 
increase in nitrotyrosine concentrations, suggesting that the 
substituted amphetamines can potentiate the formation of 
peroxynitrites, which in turn induce the nitration of tyrosine 
residues on various proteins. It is conceivable that these 
nitrated proteins include some that are essential to the func-
tioning of 5-HT or DA terminals such as the tyrosine or 
tryptophan hydroxylase or vesicular monoamine transport-
ers. In fact, nitration of tyrosine hydroxylase by peroxyni-
trites has been shown by Kuhn et al. 65  Lipid peroxidation 
and protein oxidation or nitration induced by METH and 
MDMA could, therefore, play an important role in mediat-
ing their toxic effects on 5-HT and DA terminals.  

  Excitotoxicity 
 Excessive glutamate release has been associated with neu-
ronal cell death. This process, termed excitotoxicity, is 
mediated by the activation of ionotropic and group 1 
metabotropic glutamate receptors (iGluR and mGluR, 
respectively), leading to a rise in intracellular Ca 2+  levels. 
This rise in Ca 2+  leads to activation of multiple kinases, 
lipases, and proteases, eventually causing the breakdown 
of cytoskeletal proteins, generation of free radicals, and 
DNA damage. 66  In fact, glutamate and other excitatory 
amino acids have been linked to several neurodegenerative 

disorders, 67  suggesting a possible role of glutamate in 
METH or MDMA-induced terminal degeneration. Sonsalla 
et al showed in 1989 that METH-induced toxicity to DA 
terminals in mice can be attenuated by N-methyl-D-aspar-
tate (NMDA) glutamate receptor antagonists. 68  Similarly, 
the 2 glutamate receptor antagonists MK-801 and 
CGS19755 attenuated the toxic effects of both METH and 
MDMA in the rat striatum. 69  However, the results of these 
studies were confounded by the fact that NMDA-receptor 
antagonists typically block METH-induced hyperther-
mia. 70  A more recent study by Battaglia et al 71  showed that 
blockade of metabotropic glutamate receptors could atten-
uate METH-induced DA depletions in mice, independent 
of the hyperthermic effects of METH, providing more evi-
dence of the role of glutamate in amphetamine-induced 
toxicity. 

 Our laboratory reported that repeated injections of METH, 
but not MDMA, could produce an increase in glutamate 
release in the rat striatum. 4  ,  7  In these studies, we showed 
that extracellular concentrations of glutamate began to rise 
~4 hours after the fi rst METH injection. Striatal glutamate 
levels remained elevated for up to 24 hours after drug 
administration (unpublished observations, June 2005). In 
support of these data, Burrows et al 72  showed that glutamate 
immunoreactivity was decreased in nerve terminals in the 
rat striatum and motor cortex 12 hours after METH admin-
istration. To elucidate how METH may increase the release 
of glutamate, we have shown that the increase in extracellu-
lar glutamate after METH administration involves the acti-
vation of striatonigral GABAergic transmission, leading to 
an inhibition of the nigrothalamic GABA outfl ow and a 
 subsequent disinhibition of glutamatergic thalamocortical 
afferents. The increase in glutamate release in the cortex 
then activates the corticostriatal pathways, leading to the 
increase in extracellular striatal glutamate concentrations. 8  
In these studies, we also showed that inhibition of METH-
induced glutamate release by intranigral perfusion of the 
GABA A  receptor antagonist bicuculline attenuated the 
METH-induced striatal DA depletions observed 7 days after 
drug administration, suggesting an important role of gluta-
mate in mediating METH-induced toxicity. In preliminary 
studies, it was shown that the increases in extracellular glu-
tamate concentrations were paralleled by increases in vesic-
ular glutamate transporter-1 (VGLUT-1) mRNA and protein 
levels 12 and 24 hours after METH administration, respec-
tively. 73  These increases in VGLUT-1 protein and mRNA 
levels were accompanied by increases in glyceraldehyde 
phosphate dehydrogenase (GADPH), and enzyme neces-
sary to facilitate glutamate uptake into VGLUT-1 contain-
ing vesicles. 73  Taken together, these observations suggest 
that the rise in glutamate that follows METH administration 
may, in part, occur through METH-induced increases in 
VGLUT-1 function. 73  

  Figure 3.    Effects of METH and MDMA on nitrotyrosine 
concentration in the rat striatum. METH (10 mg/kg), MDMA 
(10 mg/kg), or saline (1 mL/kg) were administered 
intraperitoneally every 2 hours for a total of 4 injections. Rats 
were killed 7 days later. Data are expressed as pg of nitrotyro-
sine per ng of tyrosine. * P  < .05, when compared with the 
saline controls, as measured by  t  test.   
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 Among the enzymes activated by the glutamate-induced 
increases in intracellular calcium, calpain I activation has 
been specifi cally linked to excitotoxicity. Calpain is a 
 protease that, upon activation, leads to the proteolysis of 
several cytoskeletal proteins such as spectrin, 74  tau, and 
microtubule-associated protein2 (MAP 2). 75  We recently 
demonstrated that METH treatment was associated with 
calpain-mediated spectrin proteolysis in the rat striatum 5 
and 7 days after drug administration. 76  This effect was spe-
cifi c to calpain-mediated proteolysis, as no changes in the 
immunoreactivity for the caspase-specifi c breakdown prod-
ucts were measured. The increases in METH-induced spec-
trin proteolysis were completely blocked by the AMPA 
receptor antagonist GYKI 52466, while the NMDA recep-
tor antagonist MK801 had no effect. This blockade could 
not be attributed to changes in body temperature as the 
METH-induced hyperthermia was maintained in all animals 
receiving the antagonists. Surprisingly, despite the attenua-
tion of METH-induced spectrin proteolysis observed after 
treatment with GYKI 52466, no attenuation of the METH-
induced DA depletions was observed after pretreatment 
with either of the antagonists. 
 The evidence that substituted amphetamines can increase 
glutamatergic function and markers of excitotoxicity also 
strengthens the fi ndings that reactive nitrogen species are 
involved in substituted amphetamine-induced toxicity. In-
deed, the increased calcium infl ux produced by activation 
of NMDA receptors is associated with an increase in NOS 
activation, which can in turn lead to the formation of reac-
tive nitrogen species. 77  In addition, reactive oxygen species 
can also be generated in response to increases in intracellu-
lar calcium, 78  suggesting that the excitotoxic effects of sub-
stituted amphetamine could synergize with their ability to 
induce oxidative stress to produce their toxic effects.  

  Mitochondrial Dysfunction 
 In addition to the increased oxidative stress and excitotoxic-
ity produced by METH and MDMA administration, more 
recent evidence suggests an important role of the mitochon-
drial electron transport chain (ETC) in mediating the toxic 
effects of substituted amphetamines. In 1994, METH was 
reported to deplete striatal ATP content in mice, in regions 
typically affected by METH-induced toxicity. 79  The theory 
that METH and MDMA could disrupt mitochondrial func-
tion received more attention after the fi nding that inhibitors 
of the ETC could enhance MDMA 80  and METH-induced 
damage in both mice 81  and rats, 82  and that substrates of 
energy metabolism could attenuate METH and MDMA tox-
icity. 83  ,  84  Because DA terminals have been shown to be 
more sensitive than other striatal terminals to the toxic 
effects of inhibitors of mitochondrial function, 85  METH-
induced mitochondrial dysfunctions could explain the 

 susceptibility of striatal dopaminergic terminals to METH-
induced toxicity. 

 The studies by Stephans et al 83  were the fi rst to assess the 
involvement of the ETC in the toxic effects of METH. In 
these studies, we showed that the striatal dopamine deple-
tions observed 7 days after 4 injections of METH (10 mg/
kg, every 2 hours) were signifi cantly attenuated by intrastri-
atal infusions of decylubiquinone or nicotinamide for 6 
hours beginning immediately after the last drug injection. 
Decylubiquinone is a component of the electron transport 
chain, while nicotinamide is a precursor for the electron 
 carrier molecule NAD, and administration of either one 
 presumably enhances oxidative phosphorylation on the 
mitochondria. Of interest, infusion of either energy sub-
strate during drug administration did not protect against the 
toxicity to dopaminergic terminals, suggesting that the 
effects of METH on the ETC are delayed. In related studies, 
we showed that extracellular lactate concentrations increased 
in the striatum and, to a lesser extent the prefrontal cortex, 
shortly after the fi rst METH injection. 83  These observations 
were in accordance with the idea that METH could possibly 
increase energy use through an increase in glycolysis. Simi-
larly, Darvesh et al 86  showed that MDMA administration in 
rats led to increased extracellular glucose concentrations in 
the striatum. This effect was paralleled by a decrease in gly-
cogen content in the brain 30 minutes to 1 hour after drug 
administration, demonstrating that, like METH, MDMA 
administration also leads to an increase in energy use. 

 The fi rst direct evidence of METH and MDMA-induced 
inhibition of the ETC was provided in studies by Burrows 
and Meshul, 87  where we measured cytochrome oxidase 
activity (Complex IV of the ETC) in the rat brain after 4 
injections of either substituted amphetamine. We observed a 
signifi cant inhibition of cytochrome oxidase activity in the 
substantia nigra (SN), the nucleus accumbens, and the stria-
tum 2 hours after the last injection of either METH (10 mg/
kg) or MDMA (15 mg/kg). Complex IV activity returned to 
normal within 24 hours of the drug treatment. The involve-
ment of the ETC in the toxic effects of MDMA was also 
supported by Nixdrof et al. 80  In these studies, MDMA 
(100 µM) was reverse-dialyzed into the striatum since this 
route of administration of MDMA eliminated any periph-
eral effects of the drug that were related to hyperthermia. 
While local administration of MDMA did not affect DA 
or 5-HT tissue content 7 days later, co-administration of 
MDMA with malonate, an inhibitor of complex II of the 
ETC, produced toxicity to both DA and 5-HT terminals. 

 We recently showed that the activity of succinate dehydro-
genase (complex II of the ETC) was inhibited by 20% to 
30% in the striatum, but not the hippocampus, of rats 1 to 24 
hours after METH administration (10 mg/kg, every 2 hours, 
for a total of 4 injections). 12  In contrast, the activity of 
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 complex I to III was not affected by that treatment regimen. 
Of interest, METH-induced mitochondrial inhibition was 
still observed when the rats were maintained normothermic, 
suggesting that this phenomena occurs independently of the 
hyperthermic effects of METH. In addition, we also showed 
that co-administration of the glutamate NMDA receptor 
antagonist MK-801 or the peroxynitrite scavenger Fe-TPPS 
prevented the METH-induced inhibition of complex II of 
the ETC, providing the fi rst evidence for a convergence of 
the excitotoxic effects of METH and the inhibition of mito-
chondrial function. In contrast to the selective effects of 
METH for complex II inhibition, MDMA decreased the 
activities of both complexes I and II in striatal mitochondria 
12 hours after administration ( Figure 4 ). 
 It is likely that the METH- and MDMA-induced increases 
in reactive oxygen and nitrogen species (ROS and RNS) 
contribute to their disruptive effects on the mitochondrial 
function. In addition, the increases in intracellular calcium 
concentrations that follow the METH-induced rise in gluta-
mate can also lead to inhibition of the ETC. 88  Taken together, 
these studies suggest that the mitochondria are common 
 targets for the oxidative species and glutamate-mediated 
excitotoxicity produced by METH and MDMA, and that 
mitochondrial dysfunction and increased energy use play an 
important role in mediating the pro-oxidant and neurotoxic 
effects of the substituted amphetamines.   

  Consequences of Exposure to the 
Substituted Amphetamines 
  Vesicular Monoamine Transporter 2 Protein 
Loss and Oxidation 
 Oxidative stress, excitotoxicity, and mitochondrial dysfunc-
tion produced by administration of either METH or MDMA 

can converge to mediate their toxic effects. In accordance 
with previous reports demonstrating decreases in the activ-
ity of the vesicular monoamine transporter 2 (VMAT-2) 
after METH, 89  ,  90  we recently showed that the protein con-
centrations of VMAT-2 were decreased in vesicular prepa-
rations from the striatum of rats treated with METH, 1 hour 
after drug treatment. 91  Since VMAT-2 is responsible for the 
uptake of dopamine from the cytosol into the vesicles, 
thereby preventing it from being enzymatically oxidized or 
auto-oxidized to produce free radicals or quinones in the 
nerve terminals, an inhibition of its function could lead to 
oxidative stress. In fact, Larsen et al 92  showed cytosolic DA 
concentrations and markers of oxidative damage after 
METH-administration were increased in VMAT-2 knockout 
mice. More important, we showed that VMAT-2 levels 
were decreased by 50% in vesicular, synaptosomal, and 
membrane-associated fractions as early as 24 hours after 
METH-administration, a time at which the classical mark-
ers of METH-induced toxicity are not affected or evident. 91  
The fi nding that VMAT-2 depletions precede changes in 
other markers of toxicity suggests that these changes may 
contribute to nerve terminal degeneration through an 
increase in intracellular dopamine concentration and a 
 subsequent increase in ROS generation. In addition to 
changes in  protein levels, preliminary studies by Eyerman 
and  Yamamoto 93  reported that VMAT-2 protein was nitro-
sylated within 1 hour after METH administration, as mea-
sured by an increase in nitrocysteine immunoreactivity in 
immunoprecipitated VMAT-2. These results suggest that 
METH-induced excitotoxicity and the subsequent gen-
eration of reactive nitrogen species may damage and 
decrease the activity of VMAT-2. Consequently, the decrease 
in DA reuptake into the vesicles could contribute to the 
dopaminergic terminal degeneration observed after METH 
administration.  

  Cell Loss Upon Therapeutic Intervention 
 We have previously reported that METH administration 
produced an increase in GABA release in the SN. 8  In these 
experiments, it was demonstrated that intranigral infusion 
of the D1 receptor antagonist SCH23390 prevented the 
METH-induced increase in extracellular GABA concentra-
tions in the SN that was dependent upon D1 dopamine 
receptor activation. However, little is known about the 
effects of METH on the indirect pathway from the caudate 
putamen to the SN involving the globus pallidus and the 
subthalamic nucleus (STN), and using glutamate as a neu-
rotransmitter. In this regard, we recently reported that glu-
tamate release in the SN could be evoked by activating 
muscarinic receptors in the STN with carbachol. 94  Of inter-
est, the carbachol-induced glutamate release in the SN was 
enhanced and prolonged by administration of the dopamine 
D2 receptor antagonist raclopride (100  � M) in the SN. 

  Figure 4.    Effects of MDMA on complex I and II activity in the 
striatum. MDMA (10 mg/kg) or saline (1 mL/kg) were 
administered intraperitoneally every 2 hours for a total of 4 
injections. Rats were killed 12 hours after the last injection and 
complexes I and II activities were measured in the striatum. Data 
are expressed as pg of nitrotyrosine per ng of tyrosine. * P  < .05, 
when compared with the saline controls, as measured by  t  test.   
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Accordingly, these studies also demonstrated that activation 
of nigral D2 receptors by local administration of quinpirole 
blocked the carbachol-induced increases in extracellular 
glutamate concentrations. In contrast, local infusion of the 
D1 receptor agonist SCH23390 in the SN had no effect on 
carbachol-induced nigral glutamate release. These data 
demonstrate that glutamate release in the SN is under the 
inhibitory infl uence of dopamine, through activation of D2 
receptors. It was therefore reasonable to assume that under 
normal conditions, METH would not affect glutamate 
release in the SN, owing to its ability to increase extracellu-
lar dopamine release in that area, 95  which in turn activates 
D2 receptors to inhibit the subthalamonigral glutamatergic 
terminals. Indeed, METH administration (10 mg/kg, ip, 
every 2 hours for a total of 4 injections) produced no effect 
on extracellular concentrations of glutamate in the SN. 96  
However, when METH was administered in the presence of 
the D2 receptor antagonist raclopride, a 500% increase in 
extracellular glutamate concentration was observed, sug-
gesting a potentially excitotoxic consequence of the com-
bined effects of METH and D2 receptor antagonists. In fact, 
a subchronic regimen of another D2 antagonist, haloperidol 
(0.5 mg/kg/d for 5 days), after METH administration pro-
duced dendritic spectrin proteolysis in the SN and, of more 
importance, resulted in a 32% decrease in NeuN positive 
staining in substantia nigra pars reticulata (SNr). 97  These 
data suggest that administration of haloperidol after METH 
leads to cell body damage in the SNr, a brain area mainly 
populated with GABAergic output neurons from the basal 
ganglia. Damage to this area responsible for the main out-
fl ow from the basal ganglia could potentially lead to extra-
pyramidal motor dysfunction. These observations have 
marked signifi cance because administration of D2 receptor 
antagonists such as haloperidol represents the typical thera-
peutic intervention for METH overdose.   

  Disruptions of Blood-Brain-Barrier Permeability 
 Oxidative stress and reactive oxygen species have been 
associated with disruptions of the integrity of the blood-
brain barrier (BBB). 98  In addition, MDMA and METH pro-
duce other acute physiological changes such as changes in 
body temperature, hyponatremia, and hypertension, events 
also associated with changes in BBB permeability. 99  We 
recently showed that MDMA administration (10 mg/kg, 
every 2 hours for a total of 4 injections) produced long last-
ing disruptions of BBB permeability. 100  More specifi cally, 
we showed that transcardial perfusion of trypan blue dye 
10 weeks after drug administration led to an increase in 
staining at the level of the striatum and the dorsal hippo-
campus of the MDMA treated rats, when compared with 
the saline controls. Administration of the antioxidant vita-
min C during the MDMA regimen reduced staining in the 
striatum, but not the hippocampus of the MDMA-treated 

rats, demonstrating the involvement of oxidative stress in 
the MDMA-induced disruptions of the BBB in proximity 
to the striatum. This MDMA-induced long-term damage to 
the BBB suggests that MDMA abuse could enhance the 
vulnerability of the brain to infection and environmental 
toxins.   

  CONCLUSIONS 
 Oxidative stress, excitotoxicity, and mitochondrial dysfunc-
tion appear to be causal events that converge to mediate 
METH and MDMA-induced neurotoxicity, as measured by 
loss of various markers of dopaminergic and serotonergic 
terminals (see  Table 1  and diagram on  Figure 5 ). In particu-
lar, the mitochondria appear to be a common target for the 
oxidative and glutamate-derived species produced by the 
substituted amphetamines. Among the various consequences 
of these phenomena, is the nitrosylation, and loss of VMAT2 

  Table 1.    Causes of METH and MDMA-induced Neurotoxicity: 
A Summary of Our Previous Studies  

         Evidence for Substituted Amphetamine-induced Oxidative 
 Stress   

 ● METH increases in free-radical generation 59   
 ● METH induces the production of malonyldehaldehyde 59   
 ● METH and MDMA increase nitrotyrosine in the striatum 64   
 ●  nNOS inhibition attenuates MDMA-induced serotonergic 

depletions 64   
 ●  Peroxynitrite scavengers inhibit METH and MDMA-

induced toxicity 12  ,  64       

   Evidence for Substituted Amphetamine-induced 
 Excitotoxicity   

 ● METH increases striatal glutamate release 4  ,  7   
 ● METH increases vGLUT-1 protein and mRNA levels 8  ,  73   
 ● METH induces spectrin proteolysis in the striatum 76       

   Evidence for Substituted Amphetamine-induced 
 Mitochondrial Dysfunction   

 ●  MDMA increases extracellular glucose and decreases 
glycogen use 86   

 ●  METH increases extracellular lactate concentration in the 
striatum 83   

 ● METH and MDMA decrease cytochrome oxidase activity 87   
 ●  The mitochondrial inhibitor malonate enhances MDMA-

induced toxicity 80   
 ●  Complex I and II activities are decreased after METH and 

MDMA 12   
 ●  Ubiquinone infusions protect against METH-induced 

toxicity 83     
    * METH indicates methamphetamine; MDMA, 3,4-
methylenedioxymethamphetamine (ecstasy); and NOS, nitric oxide 
synthase.    
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protein. This could possibly lead to inactivation of the 
sequestration of dopamine into vesicles, produce an exces-
sive increase in intracellular dopamine concentrations, and 
result in consequent damage to the dopaminergic nerve ter-
minals through accumulation of dopamine-derived ROS. In 
addition, we showed that the lack of D2 receptor activation 
after METH administration could lead to a potentially toxic 
interaction with typical antipsychotic drugs in the substan-
tia nigra. This fi nding raises concerns regarding the safety 
of using these drugs for the treatment of METH overdose, 

as the resulting cell loss could potentially lead to disrup-
tions in extrapyramidal motor function. Finally, we showed 
that the oxidative stress produced by the substituted amphet-
amines may mediate disruptions in BBB permeability, pos-
sibly increasing the vulnerability of the brains of drug users 
to further damage by viruses or environmental toxins.    
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