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Abstract

Author Manuscript

The psychostimulant methamphetamine (METH) is highly addictive and neurotoxic to dopamine
terminals. METH toxicity has been suggested to be due to the release and accumulation of
dopamine in the cytosol of these terminals. The vesicular monoamine transporter 2 (VMAT2;
SLC18A2) is a critical mediator of dopamine handling. Mice overexpressing VMAT2 (VMAT2HI) have an increased vesicular capacity to store dopamine, thus augmenting striatal dopamine
levels and dopamine release in the striatum. Based on the altered compartmentalization of
intracellular dopamine in the VMAT2-HI mice, we assessed whether enhanced vesicular function
was capable of reducing METH-induced damage to the striatal dopamine system. While wildtype
mice show significant losses in striatal levels of the dopamine transporter (65% loss) and tyrosine
hydroxylase (46% loss) following a 4 × 10 mg/kg METH dosing regimen, VMAT2-HI mice were
protected from this damage. VMAT2-HI mice were also spared from the inflammatory response
that follows METH treatment, showing an increase in astroglial markers that was approximately
one-third of that of wildtype animals (117% vs 36% increase in GFAP, wildtype vs VMAT2-HI).
Further analysis also showed that elevated VMAT2 level does not alter the ability of METH to
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increase core body temperature, a mechanism integral to the toxicity of the drug. Finally, the
VMAT2-HI mice showed no difference from wildtype littermates on both METH-induced
conditioned place preference and in METH-induced locomotor activity (1 mg/kg METH). These
results demonstrate that elevated VMAT2 protects against METH toxicity without enhancing the
rewarding effects of the drug. Since the VMAT2-HI mice are protected from METH despite
higher basal dopamine levels, this study suggests that METH toxicity depends more on the proper
compartmentalization of synaptic dopamine than on the absolute amount of dopamine in the brain.
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The addictive psychostimulant methamphetamine (METH) is severely neurotoxic to the
dopamine system, selectively targeting dopaminergic projections, depleting striatal
dopamine levels, and initiating a large neuroinflammatory cascade.1–5 METH induces a
massive efflux of intracellular dopamine into the extracellular space by reducing the pH
gradient across the vesicular membrane, emptying vesicular dopamine stores, and reversing
plasmalemmal dopamine transporter (DAT) function.6–8 In this way, METH causes a
disruption of dopamine compartmentalization at the synaptic terminal. While the mechanism
of METH toxicity remains unclear, the accumulation of cytosolic dopamine following
METH treatment is thought to be central to the neurotoxicity of the compound.4,9,10
Cytosolic dopamine, when not sequestered into the vesicular compartment, is vulnerable to
oxidation and conversion to neurotoxic species, including the formation of dopaminequinones and cysteinyl adducts.9,11 Additionally, METH promotes dopamine synthesis via
upregulation of tyrosine hydroxylase (TH) function12 and opposes dopamine degradation via
reductions in monoamine oxidase (MAO) activity.13 These mechanisms elevate cytosolic
dopamine levels and potentially exacerbate METH toxicity. Changes to core body
temperature can also modify METH toxicity, independent of dopamine content in the
striatum.14 Additional proposed mechanisms for METH toxicity have included free radical
accumulation and oxidative stress,4,15 altered ion gradients,16 and mitochondrial
dysfunction.17 METH toxicity is indicated by losses of the dopamine terminal markers DAT
and TH in the striatum.1,5 This damage to dopamine terminals is also accompanied by
extensive neuroinflammation through the activation of both astrocytes and microglia, which
contribute to neurodegeneration over prolonged periods.2,18–21
The vesicular monoamine transporter 2 (VMAT2, SLC18A2) is a critical mediator of
dopamine dynamics in the neuronal terminal. VMAT2 is an H+-ATPase antiporter, which
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uses the vesicular electrochemical gradient to drive the packaging of cytosolic monoamines
(dopamine, serotonin, norepinephrine, histamine) into small synaptic and dense core
vesicles.22–25 By preventing the accumulation of dopamine in the neuronal cytosol, VMAT2
also counters intracellular dopamine toxicity.11,26,27 While genetic knockout of VMAT2 in
mice is lethal,28–30 mice with a 95% reduction in VMAT2 survive and display both lower
monoamine levels and progressive neurodegeneration with aging.31,32 These VMAT2deficient mice show increased dopamine turnover and increased cysteinyl-DOPA and
DOPAC adducts, suggesting that improper dopamine storage leads to an accumulation of
potentially neurotoxic byproducts. Most recently, reduced vesicular storage has been linked
to dysfunction in the dopamine system in humans. A familial VMAT2 mutation was shown
to dramatically reduce vesicular transport and cause an infantile parkinsonism condition.33
Large reductions in VMAT2-mediated transport have also been identified in post mortem
Parkinson’s disease brains beyond what could be explained by terminal loss alone.34 These
data suggest that manipulation of synaptic terminal dopamine handling promotes
nigrostriatal neurodegeneration in human populations.
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While the detrimental effects of reduced VMAT2 function have been examined in the
studies above, an in vivo model of permanently increased vesicular storage has only recently
become available using BAC-transgenic VMAT2-overexpressing (VMAT2-HI) mice.35 As
a result of their elevated VMAT2 expression, VMAT2-HI mice display increased vesicular
capacity, increased striatal dopamine content and release, and increased locomotor
activity.35 VMAT2-HI mice are also protected from the neurotoxic effects of 1-methyl-4phenyl-1,2,3,6-tetrahydropyridine (MPTP) since its metabolite, MPP+, is sequestered by
VMAT2. VMAT2 is also a known target of METH, and METH treatment reduces VMAT2mediated vesicular uptake.8,36 Mice with reductions in VMAT2 are more vulnerable to
METH toxicity, as measured by exacerbated dopamine terminal degeneration, dopamine
depletion, and neuroinflammatory responses.37,38 Based on this work, it was predicted that
elevated vesicular function would oppose the neurotoxic and neuroinflammatory
consequences of METH. To explore the additional benefits of permanently elevated
VMAT2, this study examined the effects of increased vesicular capacity on in vivo METH
toxicity in the VMAT2-HI mice.

RESULTS
Increased VMAT2 Protects against Loss of Dopamine Neuron Terminal Markers in the
Striatum

Author Manuscript

Male wildtype and VMAT2-HI mice were treated with four injections (s.c.) of either saline
(0.9%) or methamphetamine (free base, 10 mg/kg w/v) every 2 h and sacrificed 48 h after
the final injection. METH toxicity preferentially targets striatal dopamine terminals.
Following this 4 × 10 mg/kg METH dosing regimen, wildtype mice showed dramatic losses
in the striatal dopamine terminal markers, DAT and TH, as measured by immunoblotting
and immunohistochemistry (Figure 1A–D). VMAT2-HI mice showed significant protection
from this DAT and TH loss following METH treatment. Elevated VMAT2 levels were
confirmed in the VMAT2-HI mice and also protected from loss after METH (Figure 1E,F).
At higher magnifications, the preservation of striatal TH innervation in METH-treated
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VMAT2-HI mice was dramatic (Figure 2). In keeping with the typical terminal-targeting of
METH toxicity, this 4 × 10 mg/kg METH dose did not induce any cell body loss in the
substantia nigra pars compacta as measured by stereological counts of TH-positive neurons
(Figure 3).
Increased VMAT2 Protects against Gliosis in the Striatum

Author Manuscript

METH is known to induce a large inflammatory response, which can be assessed by glial
markers in the striatum.2 Wildtype mice showed a significant increase in glial fibrillary
acidic protein (GFAP) expression both by immunoblotting and immunohistochemistry
(Figure 4A,B). VMAT2-HI mice were protected from this astrocyte response as indicated by
a significantly smaller increase in GFAP levels. Similarly, wildtype mice showed substantial
activation of microglia in response to METH as measured by isolectin B4 (IB4) staining
(Figure 4C,D). VMAT2-HI mice showed less amoeboid microglia morphology following
METH treatment when compared to wildtype animals, indicating reduced activation of
striatal microglia.
Preferential Targeting of the Striosomes Following METH Treatment
METH treatment causes preferential loss of dopaminergic markers like DAT and TH in the
striosomes of the striatum, rather than the surrounding matrix.39 Immunohistochemical
analysis also showed a loss of dopaminergic terminals in the striosomes following a 4 × 10
mg/kg METH dose in both genotypes as shown by striatal patches with reduced DAT
immunoreactivity (Figure 5B). At a lower 4 × 5 mg/kg METH dose, wildtype animals still
showed a striosomal loss of DAT (Figure 5A). However, the VMAT2-HI animals were
completely spared from this preferential striosome loss at this lower METH dose.

Author Manuscript

Increased VMAT2 Level Does Not Alter the Hyperthermic Response Following METH
Treatment

Author Manuscript

Increased VMAT2 Does Not Change METH-Induced Conditioned Place Preference

Binge METH treatment induces a significant increase in core body temperature that is
critical to the neurotoxic effects of the drug.40 Core temperatures were taken at baseline and
1 h after each METH injection in both genotypes. Both wildtype and VMAT2-HI mice
showed significant increases in core body temperatures following METH treatment (Figure
6). However, the elevation in core temperature following METH treatment was the same
between the genotypes. In addition, when wildtype and VMAT2-HI animals were treated
with a lower 4 × 5 mg/kg METH dose that did not cause hyperthermia, VMAT2-HI mice
were still protected from terminal degeneration and inflammatory markers (Supporting
Information Figure 1).

Due to the reinforcing properties of METH, it was important to examine the effects of
elevated VMAT2 and the associated increased dopamine output on METH-induced
conditioned place preference behavior. A 1 mg/kg methamphetamine conditioning paradigm
was used since it is a standard dose used in place preference behaviors.41 Both wildtype and
VMAT2-HI mice developed a preference for the METH-paired side of the test chamber
following 1 mg/kg METH conditioning sessions (Figure 7A). VMAT2-HI mice showed no
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difference in time spent on the METH-paired side compared to their wildtype littermates.
Furthermore, 1 mg/kg METH increased locomotor activity to the same level in both
wildtype and VMAT2-HI mice, despite a greater baseline activity level in the VMAT2-HI
mice (Figure 7B).

DISCUSSION
Elevated VMAT2 Protects against METH Toxicity
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Both in vitro and in vivo evidence shows that VMAT2 function acts as a neuroprotective
mechanism in dopamine neurons.35,38,42–44 Reduced VMAT2 levels increase cytosolic
dopamine metabolism and cause both progressive dopaminergic loss and an exaggerated
response to a toxic insult.29,31,37,38,45 Due to the increased vesicular capacity in the
VMAT2-HI mice, it was predicted that these mice would have a reduced cytosolic dopamine
burden when challenged with METH, thus protecting the midbrain dopamine pathway. This
study shows that the VMAT2-HI mice are spared from dopaminergic terminal loss by
immunochemical techniques at two different METH doses (Figure 1 and Supporting
Information Figure 1). Furthermore, there is a preferential targeting of the striosomes for
degeneration, as compared to the surrounding striatal matrix (Figure 5). Striosomes are
characterized by lower levels of superoxide dismutase 2 (SOD2), which reduces reactive
oxygen species,46 and also increased vascularization that may increase exposure to the
drug.47 Both of these factors may contribute to the elevated METH toxicity in these areas. It
appears that elevated VMAT2 levels do not alter the striosome-targeting aspect of METH
toxicity since the VMAT2-HI mice still showed a preferential loss of terminal markers in the
striosomes, just at a higher METH dose (Figure 5). These results suggest that the
neuroprotection in the VMAT2-HI mice represents a shifting of the severity of METH
toxicity and not an alteration of the mechanism of this toxicity.
Elevated VMAT2 Reduces the Neuroinflammatory Response to METH

Author Manuscript

The VMAT2-HI mice showed a reduction in neuroinflammatory markers following METH
treatment, which was reflected by less astrogliosis than wildtype animals (Figure 4). Both
genotypes showed increased microglial expression in METH-treated mice using isolectin B4
staining. However, it appears that IB4 staining in METH-treated wildtype mice showed
amoeboid morphological changes indicating activated microglia, whereas VMAT2-HI mice
had less of this dysmorphic microglial staining. Interestingly, the VMAT2-HI mice still had
an inflammatory response to METH despite an almost complete protection from dopamine
terminal damage after METH. Though it remains unclear as to what mechanisms induce the
neuroinflammatory cascade following METH treatment, extracellular dopamine has been
implicated in this response. Inflammatory markers have been reported to precede terminal
damage,2 which suggests that neuroinflammation is due to the acute effects of METH,
presumably via extracellular dopamine release. METH treatment of DAT-knockout mice
does not cause dopamine efflux, and these DAT-knockout mice also have no METHinduced glial activation.48 These findings also suggest that the inflammatory cascade is
dependent on the efflux of dopamine. Based on the behavioral effects of METH (Figure 7),
it is clear that both genotypes experience dopamine efflux after METH, which likely
accounts for the initiation of the inflammatory response. The smaller magnitude of the
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neuroinflammatory response in the VMAT2-HI mice may be due to a more efficient
repackaging of displaced dopamine into vesicles compared to wildtype mice. However,
VMAT2-HI mice have also been shown to have greater baseline dopamine levels,35 which
has the potential to exacerbate an inflammatory response in this scenario. Microdialysis
experiments would be needed to examine METH-stimulated dopamine efflux and uptake
between the genotypes. It is more likely that the protection from the neuroinflammatory
response in the VMAT2-HI mice is occurring at a later time point and is due to the survival
of more dopamine terminals after METH. The preservation of terminal integrity in the
VMAT2-HI mice would result in fewer cues (e.g., cytokines, chemokines) to signal
neuroinflammation. Further studies on the time course of VMAT2’s neuroprotective effect
and the release of these cues would be needed to address such questions.
Elevated VMAT2 Does Not Change the Hyperthermic Response to METH

Author Manuscript

METH administration raises core body temperature, a mechanism integral to the toxicity of
the drug.14,40,49,50 Even in the absence of dopamine, elevations in body temperature
following METH treatment are still able to induce dopaminergic degeneration.14
Pharmacologically lowered core temperature is also neuroprotective against METH. This
protection has been shown with a variety of compounds that change dopamine signaling
through dopamine receptor antagonism and TH inhibition.51 Based on decades of work on
the hypothermic effects of the VMAT2 inhibitor reserpine,52 it was necessary to show that
the VMAT2-HI mice have no alterations to their core temperatures either at baseline or
following METH. Wildtype and VMAT2-HI mice showed identical baseline temperatures
and hyperthermic responses following METH treatment (Figure 6). These results eliminate
the potential confound that the neuroprotection seen in the VMAT2-HI mice is due to an
altered response in core temperature.

Author Manuscript

Elevated VMAT2 Level Does Not Increase The Rewarding Potential For Meth
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The data presented here suggest that elevated VMAT2 level or function would be beneficial
in protecting against a dopaminergic toxicant. However, the elevated dopamine tissue
content and stimulated dopamine release in the VMAT2-HI mice could also cause negative
behavioral effects in the presence of a psychostimulant like METH.35 Surprisingly, the
VMAT2-HI mice showed no increase in conditioned place preference for 1 mg/kg METH
(Figure 7a), a dose shown to induce conditioned place preference and locomotor
sensitization in mice.53,54 Additionally, the VMAT2-HI mice showed the same level of
enhanced locomotor activity following this METH dose, even though they have elevated
activity at baseline (Figure 7B), as previously published.35 These results suggest that
vesicle-based approaches aimed at reducing intracellular toxicity may not negatively impact
other dopamine-mediated behaviors.
VMAT2-HI Mice Suggest That Dopamine Compartmentalization Is Integral to METH
Neurotoxicity
While some may assume that the elevated striatal dopamine levels in the VMAT2-HI mice
would actually be detrimental in a METH model, these data suggest that the majority of this
dopamine is distributed into the vesicles, thus preserving terminal integrity. The reduced
METH toxicity in the VMAT2-HI mice complements the “weak base” mechanism of
ACS Chem Neurosci. Author manuscript; available in PMC 2015 July 02.
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METH action, which suggests that amphetamines act as a base once inside the synaptic
vesicle, reducing the vesicular pH gradient and depleting vesicular contents.55,56 One can
imagine various ways that the increased vesicular function in the VMAT2-HI mice may
protect a dopamine neuron from METH. First, increased VMAT2 levels may maintain
vesicular filling in the presence of METH and counteract the METH-induced vesicular
depletion of dopamine. This would keep more dopamine sequestered into vesicles and less
potentially toxic dopamine byproducts in the cytosol. This protection would occur acutely
after METH treatment. Indeed, the 4 × 10 mg/kg METH dosing paradigm has been shown
previously to rapidly decrease vesicular [3H]-dopamine uptake in purified synaptic vesicles
from rats.36 Alternatively, increased VMAT2 levels could cause a faster recovery of the pH
gradient following the disappearance of METH. METH reduces vesicular uptake as soon as
1 h after binge dosing and maintains this up to 24 h later,36 suggesting that enhanced
vesicular storage may positively impact dopamine distribution even long after METH
administration has ended. In this way, elevated VMAT2 levels may allow for a more
efficient restoration of vesicular dopamine contents in the VMAT2-HI mice. Both of these
proposed mechanisms of protection depends on the distribution of cytosolic dopamine
throughout the neuron.
Cytosolic Dopamine Accumulation and METH Toxicity

Author Manuscript

The focus on cytosolic dopamine accumulation as the source for METH-induced
dopaminergic toxicity in these experiments was based on findings from mice with reduced
VMAT2 expression37 and in vitro measures of vesicular function.55 The current findings
also complement previous work done via VMAT2 overexpression in PC12 cells64 and on
the effects of the pituitary adenylyl cyclase-activating polypeptide (PACAP38) in mice,65
both of which suggested that manipulation of VMAT2 level can alter dopamine storage and
ameliorate aspects of METH toxicity.

Author Manuscript

Dopamine molecules left unpackaged in the neuronal cytosol can create neurotoxic
byproducts through both oxidative and metabolic processes. Cytosolic dopamine can be
converted to form reactive oxygen species, such as hydroxyl radicals, superoxide, and
hydrogen peroxide.11 Oxidized dopamine can form both dopamine-quinones and cysteinyl
adducts that are capable of altering intracellular protein function, including inhibiting DAT
and TH,57–59 activating microglia,3 and potentially contributing to dopaminergic
neurodegeneration.9 Dopamine can also be metabolized to the catecholaldehyde, 3,4dihydroxyphenylacetaldehyde (DOPAL),60 which can itself induce quinone and hydroxyl
radical formation, protein cross-linking, and oligomerization of potentially hazardous
proteins such as α-synuclein.26,61–63 The current study cannot provide a definitive
explanation for the neuroprotection afforded by VMAT2 without a quantification of the
cytosolic dopamine levels in the VMAT2-HI mice. Future experiments should examine
cytosolic dopamine concentration via intracellular patch electrochemistry.66–68 More
indirectly, one could also assess dopamine turnover as described by the DOPAC/DA ratio.
Due to uncertainties of the timeline of VMAT2’s protective effects post METH insult, a
single time point may not reflect the dynamic nature of the toxic response. A full time
course experiment would be needed to describe the neurochemical changes behind this
protection.
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It is possible that the neuroprotection via increased VMAT2 is not directly dependent upon
dopamine handling at all. Although the current study eliminated the possibility that core
temperature was modifying neuronal vulnerability, multiple alternative hypotheses remain to
explain METH toxicity. With the elaborate arborization and large number of synapses made
by striatal dopamine neurons, it has been suggested that these cells carry a substantial
bioenergetic burden.69 If increased VMAT2 more efficiently allows for the packaging of
transmitter and toxic molecules, it is possible that the oxidative stress and energy
consumption of these synapses may also be reduced.4,15 Additionally, it is also possible that
VMAT2 function could also contribute to ameliorate other deficits caused by METH
including ion gradients,16 mitochondrial dysfunction,17,70 and excitotoxicity via glutamate
release onto dopamine neurons,71 though these mechanisms have yet to be entirely
characterized.

Author Manuscript

VMAT2 Inhibitors as a Treatment for Addiction
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Recent work has suggested that the inhibition of VMAT2 may be a therapeutic treatment to
reduce psychostimulant abuse.72,73 Lobeline, an inhibitor of VMAT2 at the tetrabenazine
binding site, decreases amphetamine-evoked dopamine output, but not electrically
stimulated output, suggesting that lobeline provides a selective inhibition of amphetamine
effects. It has been suggested that this reduction occurs via increased dopamine metabolism
and reduced dopamine available for reverse transport through the DAT.74 Thus, by taking a
VMAT2 inhibitor, dopamine-releasing drugs such as amphetamine have less of a rewarding
or euphoric effect, providing a potential therapeutic use in addiction. However, long-term
reductions in VMAT2 function through pharmacological (e.g., reserpine and tetrabenazine)
and genetic (e.g., VMAT2-deficient mice) manipulations have been shown to increase
vulnerability to neurodegeneration, reduce locomotion, and dramatically alter affective
behaviors.31,37,38,75–77 Based on these findings and those from the current study, a targeted
VMAT2-inhibitor should be pursued cautiously and, perhaps, for only brief treatment
periods.
Neuroprotection via Elevated VMAT2 Function

Author Manuscript

The data presented here suggest that a positive modulator of VMAT2 may be highly
beneficial in preventing cellular toxicity in dopamine neurons. Additionally, these findings
suggest that elevated VMAT2 function does not enhance the rewarding effects of METH, a
critical distinction that could have confounded the therapeutic potential of a positive
VMAT2 modulator. VMAT2 modulation may be especially relevant to dopamine neurons,
which are often considered to be vulnerable to insult as seen in a variety of genetic and
toxicant models of dopamine dysfunction.42,78 Evidence also suggests that METH toxicity
may elevate the risk of dopamine system dysfunction based on emerging studies in human
populations. For example, METH and amphetamine users have up to a 3-fold increase in the
likelihood of developing Parkinson’s disease throughout their lifetime.79,80 Thus, in
hypodopaminergic states like Parkinson’s disease or the METH-treated brain, increasing
vesicle function would provide two therapeutic benefits: restoration and enhancement of
dopamine signaling and protection against neurotoxicity.
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METHODS
Animals
VMAT2-HI mice were created by BAC-transgenic overexpression of the Slc18a2 gene as
previously published.35 VMAT2-HI mice were bred onto a Charles River C57BL/6
background. Male mice of 6–8 months of age were used for all studies. Twelve animals
were used per group, with half of each group going to either immunoblotting or
immunohistochemistry. Mice received food and water ad libitum on a 12:12 light cycle. All
procedures were conducted in accordance with the National Institutes of Health Guide for
Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use
Committee at Emory University.
Methamphetamine Injection Schedule

Author Manuscript

(+)-Methamphetamine HCl (Sigma, St Louis, MO) was dissolved in 0.9% saline and
administered subcutaneously. Mice were given a neurotoxic regimen of four doses of 10
mg/kg (free base) METH, 2 h apart, and killed by rapid decapitation 48 h after the last dose.
A 5 mg/kg methamphetamine dose was used for the low dose experiment in Supporting
Information Figure 1. Tissue for immunoblotting was flash frozen in liquid nitrogen. Tissue
for immunohistochemical analysis was drop-fixed in 4% paraformaldehyde.
Core Body Temperature
Core body temperature was taken 30 min before the first injection and 1 h after the three
subsequent injections of saline or METH. Temperature was taken rectally by using a digital
thermometer (VWR International, Westchester, PA) lubricated with 100% petroleum jelly.

Author Manuscript

Antibodies
Rabbit polyclonal anti-VMAT2 serum was raised against a peptide in the C-terminal region
of mouse VMAT2 (CTQNNVQPYPVGDDEESESD).35 Rat anti-DAT and rabbit anti-TH
were purchased from Millipore. Mouse anti-GFAP was purchased from Cell Signaling
Technologies. Mouse anti-β-actin was purchased from Sigma. All secondary antibodies were
purchased from Jackson ImmunoResearch Laboratories.
Western Blotting

Author Manuscript

Western blots were performed as previously described.31 Primary antibodies used were
polyclonal rabbit anti-VMAT2 serum (1:20 000), rat anti-DAT (1:5000), rabbit anti-TH
(1:1000), mouse anti-GFAP (1:5000), and mouse anti-β-actin (1:5,000). The appropriate
HRP-linked secondary antibodies (1:5000) were used. Analysis was calibrated to coblotted
dilutional standards of pooled sample from all VMAT2-HI samples.
Immunohistochemistry
Immunohistochemistry was performed as previously described.31 Primary antibodies used
were polyclonal rabbit anti-VMAT2 serum (1:50 000), rat anti-DAT (1:1000), mouse antiGFAP (1:1000), or rabbit anti-TH (1:1000). The appropriate biotinylated secondary
antibodies (1:200) were used. Nissl stain was performed for stereological analysis by a 3
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min Cresyl Violet dip of mounted sections prior to dehydration, xylene clearing, and
coverslipping. All images were acquired with NeuroLucida (MicroBright-Field).
Isolectin B4
For microglial visualization, sections were incubated with biotinylated isolectin B4 (1:250;
Invitrogen) overnight at room temperature and then incubated 1 h in avidin–biotin–HRP
conjugate solution (Vectastain ABC kit, Vector Laboratories) as previously reported.37
Visualization was performed using DAB as above for 25 min at room temperature.
Stereological Analysis

Author Manuscript

Stereological sampling was performed using the Stereo Investigator software as previously
described, and the number of neurons in the SNpc was estimated using the optical
fractionator method in StereoInvestigator (MicroBrightField).32,35 Parameters, cell type
definition, and counting intervals were also the same as previously described. Gundersen’s
coefficient of error was held to 0.1 for all values.
Conditioned Place Preference (CPP)

Author Manuscript

Place conditioning was performed as previously published.53 Three compartment CPP
chambers (San Diego Instruments, La Jolla, CA) were used for training and testing. The test
pairs drug administration with one chamber of a two-chamber arena. In preconditioning (day
1), mice were placed into the open center chamber of the apparatus and allowed to freely
explore the apparatus for 30 min. Time spent in each side chamber was recorded. Animals
were assigned to METH or saline groups such that side-bias was eliminated. During training
(days 2–4), all mice received a saline injection in the morning and were confined to their
designated chamber. Six hours later, mice were treated with either METH (1 mg/kg, i.p.) or
saline and confined to the opposite side chamber for 30 min. On test day (day 5), mice were
placed into the open center chamber and allowed to freely explore the apparatus for 30 min.
Time spent in each side chamber was recorded.
Statistical Analysis
All data were analyzed in GraphPad Prism 5. Data were analyzed using two-way ANOVA
(with treatment and genotype as factors) with Bonferroni posthoc tests. Outliers were
defined by Grubbs’ test for outliers (α = 0.05). All errors shown are SEM.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Increased VMAT2 protects against TH and DAT loss in the striatum. Male wildtype and
VMAT2-HI mice were treated with four injections of either saline or 10 mg/kg
methamphetamine every 2 h and sacrificed 48 h after the final injection. (A–D) Wildtype
animals show significant losses in DAT and TH levels. VMAT2-HI mice are significantly
protected from losses in both DAT (p < 0.01) and TH (p < 0.05) following METH. (E,F)
Wildtype mice also show a trend toward VMAT2 protein loss following METH, while
VMAT2-HI mice maintain a VMAT2 level greater than wildtype even following METH.
Data are presented as percent of saline-treated wildtype mice. Different letters at the tops of
bars indicate differences of at least p < 0.05 as determined by a two-way ANOVA with
Bonferroni posthoc tests (n = 6).
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Figure 2.

Increased VMAT2 protects against TH+ fiber denervation in the striatum. VMAT2-HI mice
are protected from the loss of TH+ fibers in the striatum. Representative images of
dorsolateral striatum pictured with cortex on the right side of each image. Scale bar = 200
μm.
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METH treatment did not induce SNpc cell body loss. (A,B) There was no difference in TH+
cells (p > 0.05) or Nissl+ cells (p > 0.05) between the genotypes following a 4 × 10 mg/kg
METH dose (n = 6). (C) Representative images of TH staining of the midbrain with and
without METH treatment.
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Increased VMAT2 protects against gliosis in the striatum. (A,B) VMAT2-HI mice show a
significantly smaller increase in astrogliosis as indicated by GFAP expression (n = 6).
Different letters above the bars indicate difference of p < 0.05. Data are presented as percent
of saline-treated wildtype mice. (C,D) VMAT2-HI mice show less ramified microglia as
shown by IB4 staining. Representative images of dorsolateral striatum pictured with corpus
callosum in the upper right corner of each image. Scale bar = 200 μm.
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Figure 5.

Preferential targeting of the striosomes following METH treatment. (A,B) Selective loss of
striosomal DAT was shown in both wildtype and VMAT2-HI mice. However, this loss was
not seen until a higher 4 × 10 mg/kg METH dose in the VMAT2-HI animals (A). (C)
Representative tracing of DAT loss in striosomes of wildtype METH-treated striatum
following a 4 × 5 mg/kg METH dose.
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Increased VMAT2 level does not alter the hyperthermic response following METH
treatment. Core temperatures taken 1 h post each METH injection (injections indicated by
arrows). While there was a significant increase in core temperature in both genotypes, there
was no difference between the hyperthermic profiles between wildtype and VMAT2-HI
mice (p > 0.05) (n = 12).
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Increased VMAT2 does not change METH-induced conditioned place preference or METHstimulated locomotor activity. Both genotypes show a preference at 1 mg/kg METH (n = 9).
However, there was no difference between genotypes on time spent in the METH-paired
side of the chamber on test day. Similarly, wildtype and VMAT2-HI mice show no
difference in locomotor activity when the genotypes were treated with METH. Different
letters at the tops of the bars indicate difference of p < 0.01.
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