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Abstract
Methamphetamine (METH) is well-known for its ability to cause damage to dopamine (DA) nerve
endings of the striatum. The mechanisms by which METH causes neurotoxicity are not fully
understood but likely candidates are increased oxidative and nitrosative stress and mitochondrial
dysfunction. Microglial activation is also emerging as an important element of the METH
neurotoxic cascade and it appears that extensive crosstalk between these cells and DA nerve
endings is an early event in this process. It may seem paradoxical, but DA itself is also thought to
be an essential factor in the neuronal damaging effects of METH, but issues relating to its precise
role in this regard remain unanswered. We present in this overview a summary of studies that
tested how alterations in the disposition of presynaptic DA (injections of reserpine, L-DOPA, or
clorgyline) modulate METH neurotoxicity. In all cases, these drugs significantly increased the
magnitude of microglial activation as well as the severity of damage to striatal DA nerve endings
caused by METH. The enhancement of METH effects in striatum by reserpine, L-DOPA, and
clorgyline persisted for 14 days and showed no evidence of recovery. These data establish that
subtle shifts in the newly-synthesized pool of DA can cause substantial changes in the severity of
METH-induced neurotoxicity. DA released into the synapse by METH is very likely the source of
downstream reactants that provoke microglial activation and the ensuing damage to DA nerve
endings.
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INTRODUCTION
Methamphetamine (METH) is a stimulant drug of abuse. This drug can be synthesized with
relative ease using readily available precursors. Use of METH continues to spread
throughout the United States due in large part to its widespread availability and its high
abuse potential. The problems associated with any rampant drug of abuse (e.g., medical,
legal) are compounded in the case of the METH because it leads to persistent neuronal
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damage in human users1 and in animal models of abuse.2, 3 The neuronal damaging effects
of METH are highly delimited to DA nerve endings of the striatum and are manifested as
persistent depletions of DA, inhibition of tyrosine hydroxylase, reduction in function of the
DA transporter (DAT) and the vesicle monoamine transporter (VMAT), degeneration of
fine, unmyelinated axons, and apoptosis.4, 5 DA is an important neurotransmitter and it
plays an essential role in numerous physiological, neuronal, and behavioral processes. A
persistent reduction in DA neuronal function resulting from chronic METH abuse6, 7 could
be expressed ultimately in the form of co-morbid psychiatric or neurological diseases.

The mechanisms by which METH damages the DA neuronal system are not understood but
mounting evidence points to oxidative stress and disruptions in mitochondrial function as
likely mediators.3 Emerging data is also implicating microglial activation in the toxic
properties of METH.8–11 Microglia are the resident inflammatory cells of the CNS and they
can serve immune-like functions to protect the brain from injury or invading pathogens.12
However, under conditions that are not fully understood, microglia can become activated
and release a variety of reactants that damage neurons.13, 14 In fact, activated microglia
could be the source of virtually all reactant species that have been implicated in
amphetamine-induced neurotoxicity including reactive oxygen15, 16 and reactive nitrogen
species.17 In light of results implicating microglial activation in the pathogenesis of
neurological disorders such as Parkinson’s Disease18 and Alzheimer’s Disease19 as well as
in the neurotoxic actions of excitotoxins20 and MPTP,21 it seems probable that METH-
induced neurotoxicity would involve microglial activation as well.

The neurotoxic effects of METH on DA nerve terminals have long been linked to DA itself.
Wagner et al22 first showed that depletion of brain DA with the tyrosine hydroxylase (TH)
inhibitor a-methyl-p-tyrosine (AMPT) protected against drug-induced neurotoxicity. These
early and important studies have been confirmed more recently.23, 24 Several related
findings provide important clues for the role played by DA in METH-induced neurotoxicity:
1) depletion of vesicle stores of DA with reserpine enhances METH-induced damage to the
DA system22, 2) reserpine causes a marked rise in 5-S-cysteinyl-DA levels in striatum, a
marker for elevated production of DA quinones25, 3) METH results in a significant increase
in 5-S-cysteinyl-DA levels26 and 4) cysteinyl-catechol conjugates can damage neurons27,
28 and lead to microglial activation.29–31 In the present paper, we present an overview of
our recent work that examined the effects of increases in the newly synthesized pool of DA
on METH neurotoxicity32 and how this neurotoxic drug of abuse alters microglial status.9,
30, 33 Collectively, these results show that the size of the newly synthesized pool of DA
determines the severity of METH-induced neurotoxicity and they link METH-induced
release of cytoplasmic DA into the synapse to microglial activation. These findings can also
be combined with existing literature to extend a working model of the manner in which DA
plays a critical role in METH neurotoxicity.

MATERIALS AND METHODS
Animals and Pharmacological Treatments

Female C57BL/6 mice (Harlan, Indianapolis, IN) weighing 20–25 g at the time of
experimentation were housed in a light and temperature controlled room. Mice had free
access to food and water. The Institutional Care and Use Committee of Wayne State
University approved the animal care and experimental procedures. All procedures were also
in compliance with the NIH Guide for the Care and Use of Laboratory Animals. Mice were
exposed to a neurotoxic regimen of METH comprised of 4 injections of 5 mg/kg ip with a 2
hr interval between each injection. This METH regimen is known to cause microglial
activation and DA nerve ending damage 9. In order to vary the disposition of DA in the
presynaptic terminal prior to METH treatment, mice were injected with 1) reserpine (2.5
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mg/kg, i.p.) 24 hr before METH; 2) L-DOPA (50 mg/kg, i.p.) with carbidopa (25 mg/kg,
i.p., to inhibit peripheral decarboxylase enzymes) 1 hr before the first and third METH
injections; and 3) clorgyline (10 mg/kg, i.p.), an inhibitor of MAO-A, 1 hr before the METH
regimen. Controls received i.p. injections of physiological saline on the same schedule used
for each test compound. Mice were sacrificed at various times after the METH regimen to
assess the status of striatal DA and microglial activation (specified below).

Assessment of microglial activation
Microglial activation was assessed by staining fixed brain sections with HRP-conjugated
Isolectin B4 (ILB4) as developed by Streit34 and as previously described in our studies with
METH.9 Briefly, sections of 50 μm thickness were cut through the striatum of
paraformaldehyde-fixed brains. Endogenous peroxidase activity was inactivated with an
incubation of sections in phosphate buffered saline (PBS) containing 3% H2O2 for 30 min.
Microglia were labeled with HRP-conjugated ILB4 (10 μg/ml in 0.1% Triton X-100)
overnight at 4°C. After washes to remove excess ILB4, sections were exposed to DAB (0.1
mg/ml) in PBS for 25 min and then transferred to glass slides, air dried, and dehydrated
through a series of graded ethanol washes. Sections were incubated in Citrisolv for 5 min
then cover-slipped under Permount. For all pharmacological studies presented below, brain
sections from drug-treated mice were processed simultaneously with controls to normalize
staining among treatment groups. The number of lectin-stained (i.e., activated) microglial
cells observed after various treatments was counted using NIH Image.

Determination of striatal DA
Depletion of striatal DA after METH treatment is widely used as an index of METH-
induced toxicity to DA nerve endings. Striata were dissected from brain at the times listed
above and stored frozen at −80ºC. Tissues were weighed and sonicated in 10 volumes of
0.16N perchloric acid at 4°C. Insoluble protein was removed by centrifugation and DA was
determined by HPLC with electrochemical detection.

Data analysis
Individual treatment groups were compared to appropriate controls for DA and microglial
counts with a one-way ANOVA followed by Tukey’s Multiple Comparison Test in
GraphPad Prism 5. Differences were considered significant if p < 0.05.

RESULTS
Reserpine lowered DA content to less than 5% of control within 24 hr of treatment at the
time of METH administration. Reserpine-treated mice and controls were treated with a
METH neurotoxic regimen and sacrificed 2d later, the time at which drug-induced
microglial activation is maximal9, and the results are presented in Fig. 1. It can be seen that
METH alone lowered DA to 35% of control. The depleting effect of reserpine on striatal DA
recovers to approximately 78% of control within 2d unless mice are treated with METH, in
which case the effect of METH on DA depletion is accentuated (i.e., 95% depletion). The
reserpine enhancement of METH neurotoxicity is not changed if the post-METH survival
time is increased from 2d to 7d as shown in Fig. 1. The reduction in DA content caused by
METH was significant by comparison to controls (p < 0.01) and the effect of reserpine +
METH was significantly different from both controls (p < 0.01) and METH treatment alone
(p < 0.05).

L-DOPA increased striatal DA content by approximately 50% at the time when METH
treatment was initiated. The data in Fig. 2 show that L-DOPA, while having no effect on DA
content at 2d post treatment, significantly increased the DA-depleting effects of METH.
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Mice treated with METH were depleted of DA by 67% whereas those treated with L-DOPA
+ METH were depleted of DA by 93% 2d after treatment. Fig. 2 also shows that the L-
DOPA-induced enhancement of METH neurotoxicity was unabated at 7d and 14d after
treatment. The effect of L-DOPA to increase METH-induced depletion of DA was
significantly different from both control (p < 0.01) and METH alone (p < 0.01) at all times.

Mice were treated with clorgyline (10 mg/kg) 1 hr before the standard METH neurotoxic
regimen and this increased striatal DA content by 12% at the time when METH treatment
was initiated. The effects of clorgyline and METH on DA levels 2d after drug treatment are
presented in Fig. 3. DA returned to control levels 2d after clorgyline but when paired with
METH, the depletion of DA (< 2% of control) was much greater than the effect of METH
alone on DA (32% of control). It can also be seen in Fig. 3 that the clorgyline-induced
enhancement of METH neurotoxicity persisted for 7d and 14d after treatment. The effect of
METH on DA content was significant by comparison to controls (p < 0.01) and the effect of
clorgyline + METH was significantly different from controls (p < 0.01) and METH alone (p
< 0.01) at all times.

The effects of reserpine, L-DOPA, and clorgyline alone or in combination with METH on
microglial activation in striatum at 2d after METH are presented in Table 1. Reserpine, L-
DOPA, and clorgyline alone did not cause microglial activation (data not shown). METH
treatment caused extensive microglial activation as previously demonstrated in our previous
studies.9, 35 When mice are treated with reserpine, L-DOPA, or clorgyline before METH,
the extent of microglial activation was increased significantly by comparison to control as
well as METH treatment alone. In agreement with previous findings on the time-course of
METH-induced microglial activation,9 it was observed that microglial activation returns to
control levels 7d after all treatments.

DISCUSSION
The results presented in this brief overview confirm previous studies showing that DA is a
causative factor in METH neurotoxicity. Wagner et al.22 were perhaps the first to show that
reductions in the newly synthesized pool of DA by alpha-methyl-p-tyrosine (AMPT; inhibits
tyrosine hydroxylase) completely protected against METH-induced toxicity. This finding
has been confirmed on numerous occasions.23, 24 The present data extends this line of work
by showing that increases in the newly synthesized (or cytoplasmic pool) of DA enhances
METH neurotoxicity. Three different approaches were used to increase cytoplasmic DA
prior to METH administration: 1) reserpine, which disrupts vesicle storage of DA and leads
to leakage of the neurotransmitter into the cytoplasm; 2) L-DOPA, the immediate precursor
to DA that causes a metabolic increase in transmitter levels in the cytoplasm; and 3)
clorgyline, a selective inhibitor of monoamine oxidase A that is highly enriched in DA
neurons and which increases DA content in the presynaptic process by preventing its
breakdown. All treatments significantly enhanced the neurotoxic effects of METH on
striatal DA nerve endings. The potentiating effects caused by reserpine, L-DOPA, and
clorgyline persisted for 14 days after METH administration and showed no signs of
recovery. METH, like other amphetamines, releases DA preferentially from the non-
vesicular pool of transmitter36, 37 so it appears that even subtle increases in this presynaptic
store of DA can substantially increase the toxicity associated with METH intoxication.

These results further implicate DA in METH-induced neurotoxicity and suggest that it is
extracellular DA that plays the most important role in this regard. Among all of its complex
pharmacological effects, METH is perhaps best known as a powerful releaser of DA.
Marshall and his colleagues reinforced the importance of DA release in the toxic actions of
METH when they showed that the binge method of drug administration increases METH-
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induced release by 500–3600%.38 These investigators also showed that L-DOPA potentiates
METH-induced DA release and enhances long-term reductions in DA caused by a single
injection of METH.39 Furthermore, mice lacking the vesicle monoamine transporter show
heightened METH neurotoxicity,40, 41 in agreement with findings that reserpine enhances
this effect as well. If METH-induced DA release is so integral to the emergence of damage,
then it would be predicted that prevention of METH-induced DA release would protect
against neurotoxicity. It is generally accepted that METH causes release of DA by
“reversing” the DA transporter such that DA is pumped out of the nerve ending into the
synapse. Drugs that block the DA transporter are very effective in preventing METH-
induced DA efflux and neurotoxicity42–44 and at least amfonelic acid can be given as long
as 8 hr after METH treatment and still provide significant protection against the
development of neurotoxicity.44 Mice lacking the DA transporter are also resistant to
METH neurotoxicity.45 Taken together, the balance of the data suggests that METH-
induced release of DA from the newly synthesized pool of transmitter into the extracellular
space appears to be an essential mechanism by which METH causes toxic effects on DA
nerve endings.

DA is an extremely important neurotransmitter and it is clear that DA-mediated synaptic
signaling under normal conditions is not neurotoxic. However, conditions in striatum created
by METH are anything but normal. METH is known to increase production of a large
number of reactive oxygen and reactive nitrogen species2, 3 and DA is highly sensitive to
non-enzymatic oxidation by these reactants to its quinone.46 DA quinone production is
known to be increased by neurotoxic doses of METH.26 DA quinone can cause many of the
effects seen after METH administration to include modification and inhibition of tyrosine
hydroxylase47 and the DA transporter48, 49 and these species can ultimately damage
neurons.27, 28 Finally, and of particular importance to the present line of work, DA
quinones are powerful activators of microglia.29–31

Despite the accumulation of a persuasive body of work stressing the importance of DA in
the neurotoxic effects of METH, conclusions to the contrary have been proposed. In one
study, Yuan et al.50 confirmed that AMPT prevented METH neurotoxicity but noted that
AMPT also caused a significant hypothermia. It is well-known that hypothermia is
protective against METH neurotoxicity51 so the question of whether AMPT protects by
depleting the newly synthesized pool of DA or by lowering body temperature is hard to
answer. Yuan et al.50 attempted to resolve the issue by treating mice at an ambient
temperature of 41°C. They observed that the protective effect of AMPT was no longer seen
and concluded that DA is not involved in METH neurotoxicity. In another study, Lavoie and
Hastings26 observed that treatment of rats with METH at an ambient temperature of 5°C
prevented neurotoxicity but not drug-induced release of DA, leading to the conclusion that
extracellular DA was not playing a role in the neurotoxicity. In our opinion, treatment of
animals with METH under conditions of extreme heat (41°C) or cold (5°C) shock stress
creates far more questions than it answers. Heat or cold shock stress has profound
physiological and genomic effects in the CNS, and these conditions cannot be used as a
basis for comparison to normal, as it relates to METH treatment. Animals treated with
METH under heat shock conditions showed 70% lethality by comparison to 17% lethality at
normal ambient temperature.50 Although DA release was not attenuated by hypothermia,26
the production of downstream DA oxidative products thought to mediate METH toxicity
would be prevented. Therefore, conclusions that extracellular DA is not involved in METH
toxicity26 or that DA is not involved at all50 must be tempered by the fact that METH
treatment was carried out under extreme environmental conditions.

Emerging data is implicating microglial activation in METH-induced neurotoxicity. Bowyer
and colleagues11 made the seminal observation that METH treatment results in microglial
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activation. However, these investigators felt that microglia were reacting to neuronal
damage and not causing it.11 The present studies strengthen the association between METH
toxicity and microglial activation and they are consistent with the stance that DA is linked to
both processes. Is it possible to determine if activated microglia are causing neuronal
damage or just reacting to it? We view microglial activation as a very gradual process, not
an event. METH increases the expression of many genes that can be traced to microglia
within a few hours of administration33 and Lavoie et al.10 have reported that microglial
activation precedes METH-induced damage to the striatum. However, these early changes in
microglia may not be sufficient, in isolation, to cause damage to nerve endings. We favor a
model wherein METH disrupts DA homeostasis as a very early event in the toxic cascade.
METH also creates an imbalance in favor of oxidative stress over antioxidant protection.
This combination leads to extensive release of DA from the newly synthesized pool into the
extracellular space where the transmitter is exposed to METH-dependent reactive oxygen
and nitrogen species. Reactants downstream of DA, to include the DA quinone, initiate
microglial activation. In essence, microglia respond to DA-derived signals evoked from
nerve endings by METH as if damage has occurred when it has not (i.e., neurons emit false-
positive distress signals). This cross-talk between nerve endings and microglial cells in
striatum is perpetuated by several neurochemical properties associated with METH to
include increased DA release, inhibited DA uptake, and inhibited DA metabolism. METH
creates conditions that are optimal for the generation of DA-derived reactants and these
reactants initiate and fuel microglial involvement. In this scheme, microglia are not the sole
cause of nerve ending damage, but serve as participants in a gradual process of glial-
neuronal crosstalk that is initiated by METH-induced disruptions in presynaptic DA
homeostasis. This model of METH neurotoxicity is consistent with the view of microglia as
an intrinsic component of a non-cell-autonomous process wherein the progression of
neurodegenerative conditions seen in Parkinson’s disease or Huntington’s disease or as
created by neurotoxic drugs or excitotoxins is driven by non-neuronal cells.52
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FIGURE 1.
Effect of reserpine on METH-induced neurotoxicity. Mice were treated with reserpine (2.5
mg/kg) alone or 24 hr prior to a neurotoxic METH regimen. Striatal DA levels were
determined 2 days or 7 days after the METH regimen. Results are presented as mean ± SEM
relative to controls. Significant differences were determined via one-way ANOVA followed
by Tukey’s multiple comparison test, and are indicated as follows: *, p < 0.01 relative to
control (CON); #, p < 0.01 relative to METH; ^, p < 0.05 relative to METH.
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FIGURE 2.
Effect of L-DOPA on METH-induced neurotoxicity. L-DOPA (50 mg/kg, ip) was
administered alone or 60 min prior to the first and third METH treatment and striatal DA
levels were determined 2, 7, or 14 days after METH. Results are presented as mean ± SEM
relative to controls. Significant differences were determined via one-way ANOVA followed
by Tukey’s multiple comparison test, and are indicated as follows: *, p < 0.01 relative to
control (CON); #, p < 0.01 relative to METH. Reproduced from Thomas et al.32 with
permission of Blackwell Publishing.
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FIGURE 3.
Effects of clorgyline on METH-induced neurotoxicity. Mice were treated with clorgyline
(10 mg/kg) alone and 60 minutes prior to the neurotoxic METH regimen. Striatal DA levels
were determined 2, 7, or 14 days after METH. Results are presented as mean ± SEM relative
to controls. Significant differences were determined via one-way ANOVA followed by
Tukey’s multiple comparison test, and are indicated as follows: *, p < 0.01 relative to
control (CON); #, p < 0.01 relative to METH. Reproduced from Thomas et al.32 with
permission of Blackwell Publishing.
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Table 1

Effect of increases in presynaptic DA on METH-induced microglial activation

Control Reserpine L-DOPA Clorgyline

Control 14 ± 1 18 ± 2 15 ± 2 21 ± 3

METH 149 ±7* 179 ± 4*,# 178 ± 3*,# 186 ± 9*,#

Values represent means ± SEM of activated microglia in the striatum of treated mice. Animals were sacrificed 2d after METH treatment and the

number of lectin-stained microglia were counted in an area of 0.38mm2 by a person blinded to the treatment. Cells were counted from 3
independent sections from all like-treated mice, bilaterally, generating an average cell count for each treated subject. The symbols represent p <
0.01 by comparison to controls (*) or to mice treated only with METH (#) as determined by a one-way ANOVA followed by Tukey’s multiple
comparison test.
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