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We previously reported very low levels of dopamine in post-mortem striatum of chronic methamphetamine users, raising the possibility
that restoration of normal dopamine levels could help in this addiction and perhaps prevent early relapse. To establish relevance of this
finding to the living brain, we tested whether striatal [11C]-(+)-dihydrotetrabenazine binding, a vesicular monoamine transporter probe
sensitive to changes in (stored) vesicular dopamine, is elevated in methamphetamine users. Chronic methamphetamine users underwent
[11C]-(+)-dihydrotetrabenazine positron emission tomography scans during early (mean 2.6 days) and later (~10 days) abstinence. Striatal
[11C]-(+)-dihydrotetrabenazine binding was elevated (suggesting low stored dopamine) in methamphetamine users (n= 28; 2.6 days after
last use) relative to controls (n= 22) (+28%, po0.0001) and correlated with severity and recency of drug use and with cognitive
impairment and withdrawal symptoms. Mean [11C]-(+)-dihydrotetrabenazine binding levels in the subgroup of methamphetamine users
who could remain abstinent ~ 10 days following last use (n= 17) were normal at the follow-up scan. Our imaging data support post-
mortem findings and suggest that chronic methamphetamine users have low brain levels of stored dopamine during very early abstinence
from MA, which could contribute to behavioral and cognitive deficits. Findings also suggest a rapid recovery of stored dopamine in some
methamphetamine users who become abstinent and who therefore might not benefit from dopamine replacement medication (eg,
levodopa). Further study is necessary to establish whether those users who could not maintain abstinence for the second scan might have a
more severe and persistent dopamine deficiency and who could benefit from this medication.
Neuropsychopharmacology (2016) 41, 1179–1187; doi:10.1038/npp.2015.267; published online 7 October 2015
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INTRODUCTION

Methamphetamine (MA) and its metabolite amphetamine
are widely used psychostimulants used for both ‘recreational’
and therapeutic (eg, attention deficit hyperactivity disorder,
obesity) purposes (Kish, 2008). MA stimulates release of the
brain neurotransmitter dopamine, considered to be involved
in the rewarding property of MA (see Kish, 2008). In two
post-mortem brain investigations, we reported very low
(up to 90% depletion) levels of dopamine in the striatum
(caudate, putamen) of the brain of some recreational MA
users who all tested positive for the drug at autopsy
(Moszczynska et al, 2004; Wilson et al, 1996a). This
suggested that recreational doses of MA might cause a
massive release of dopamine in humans sufficient to deplete,
at least transiently, tissue stores of dopamine, and,

speculatively, that treatment of MA users during drug
rehabilitation with dopamine substitution medication
(levodopa) might normalize the deficit and perhaps diminish
risk for relapse and or behavioral (eg, cognitive and affective)
disturbances. Our finding is in line with a preliminary
positron emission tomography (PET) [11C]raclopride study
in MA users suggesting low synaptic release of striatal
dopamine in chronic MA users scanned during abstinence
(42 weeks) and which predicted treatment outcome
(ie, relapse) (Wang et al, 2012).
To establish whether our post-mortem brain data might

reflect dopamine changes in the living brain, we previously
conducted a preliminary PET study in chronic MA users
using binding of a radiolabeled vesicular monoamine
transporter 1 (VMAT2) probe, [11C]-(+)-dihydrotetrabena-
zine ((+)[11C]DTBZ) (Koeppe et al, 1996), that, at low
concentrations, is sensitive to intraneuronal endogenous
dopamine (intravesicular dopamine and (+)[11C]DTBZ
compete for the same site on VMAT2) (Boileau et al, 2008,
see Tong et al, 2008). In this regard, the use of (+)[11C]DTBZ
PET measurement to assess indirectly vesicular dopamine
levels departs from the view that VMAT2 density is related to
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the integrity of substantia nigra dopamine neurons and ‘not
subject to drug- or lesion-compensatory regulation’ (Vander
Borght et al, 1995). The first hint that striatal (+)[11C]DTBZ
binding to VMAT2 might be used to assess differences in
stored dopamine came from the unexpected (at the time)
finding of de La Fuente-Fernandez et al (2003) who reported
increased striatal VMAT2 binding in a small group of
patients with dopa-responsive dystonia having a metabolic
deficiency of dopamine. Later, human and animal studies
showed that binding of a tracer dose of [11C]DTBZ to the
striatum could be increased by drugs, including ampheta-
mine, that caused some depletion of intraneuronal stores of
dopamine and decreased by agents (eg, levodopa) that
increased vesicular dopamine levels (de la Fuente-Fernandez
et al, 2009; Kilbourn et al, 2010; Tong et al, 2008). Results of
our cross-sectional study supported the notion that some
MA users during early abstinence might have a striatal
dopamine deficiency, as inferred from elevated (+)[11C]
DTBZ binding (Boileau et al, 2008). We now extend this
study by using a longitudinal assessment during acute and
early, postacute withdrawal to understand better time course,
reversibility, and relationship with ‘relapse’ and behavioral
function. We have also included a psychostimulant drug
control group (cocaine users) and a more representative
sample size. Our findings suggest that a transient brain

dopamine deficiency occurs in MA users in very early
abstinence and is associated with poor(er) cognitive function
and a more negative withdrawal state.

MATERIALS AND METHODS

Subjects

Twenty-two healthy subjects (HCs), 28 non-treatment-
seeking, active MA users, and nine cocaine users self-
referred (in response to web advertisement) to participate in
the study. Data from 12 HCs have previously been reported
elsewhere (Boileau et al, 2008), whereas all drug users are
new recruits. Table 1 provides demographic characteristics.
All subjects provided written informed consent approved by
the Centre for Addiction and Mental Health Research Ethics
Board. Subjects were (1) males or females aged 19–45 years,
and had (2) no significant medical conditions/head trauma.
HC subjects had (1) no current or personal history of
Diagnostic and Statistical Manual of Mental Disorders
(DSM)-IV Axis I disorders as per Semi-Structured Clinical
Interview (First et al, 1995); (2) no current (12 months)
abuse or dependence of drugs of abuse (except nicotine); and
(3) negative urinalysis (GC-MS) and scalp hair toxicology
(except for cannabis). All MA and cocaine users (1) met the

Table 1 Demographic and Clinical Characteristics of Subjects

Control subjects (n=10; an=22) MA users (n= 28) Cocaine users (n= 9) p-Value

MA vs controls MA vs cocaine

Age 28.6± 5.8a 26.6± 5.7 31.2± 7.7 0.22 0.06

Gender (M) 12 12 3 0.41 0.61

Education (years) 16.8± 2.6a 13.1± 2.7 13.3± 2.7 o0.000 0.83

IQb 111.6± 12.9 101.4± 12.2 100.7± 8.8 0.03 0.38

BDI 1.1± 1.5a 14.6± 10.9 9.3± 12.7 o0.000 0.23

Ethnicity 16(W), 6(A)a 17 (W), 1 (A), 2 (B), 8 (M) 7 (W), 1 (A), 1 (M) 0.01 0.47

Cigarette smokers 4a 24 7 o0.000 0.57

Cigarettes per daya 0.5± 1.3 9.5± 5.6 9.7± 5.3 o0.000 0.80

Alcohol (drinks per week) 0.6± 1.0 4.1± 7.3 3.2± 5.7 0.14 0.74

Cannabis users (⩾1× /months) 3a 18 7 0.02 0.45

Cannabis use (days per week) 1.0± 1.4 3.3± 3.1 3.5± 3.3 0.315 0.91

Dose injected (mCi)

S1 9.85± 0.6a 9.70± 0.9 9.78± 0.7 0.47 0.80

S2 9.83± 0.5 9.69± 0.8 9.62± 0.6 0.62 0.82

Spec. act. (mCi/μmol)
S1 2058.50± 651.1a 2686.99± 1071.7 2478.66± 1189.3 0.02 0.62

S2 2220.89± 910.8 2606.32± 1104.9 2181.45± 1105.0 0.38 0.38

Interscan interval (days) 6.3± 1.7 (n= 9) 6.9± 1.1 (n= 17) 6.6± 1.2 (n= 8) 0.96 0.52

Abbreviations: A, Asian; B, Black; BDI, Beck Depression Inventory; IQ, intelligence quotient; M, mixed; MA, methamphetamine; S1, scan 1; S2, scan 2; spec. act.,
[11C]DTBZ specific activity at the time of the injection; W, White.
aData compiled using the subset of control subjects (n= 10) who participated in this longitudinal study plus control data taken from our previous study (Boileau et al,
2008).
bIQ as measured by Shipley-2 composite A scale.
Bold values indicate significance at po0.05.
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DSM-IV criteria for drug abuse/dependence (for MA and
cocaine, respectively) and had (2) positive urinalysis
(GC-MS) and scalp hair toxicology for MA in MA users
and cocaine in cocaine users. All subjects were compensated
for their time for participation in this study.

(+)[11C]DTBZ Image Acquisition Protocol and Analysis

(+)[11C]DTBZ was prepared as described in Boileau et al
(2008) and PET images were acquired on a CPS-HRRT
neuro-PET camera system (Siemens Medical Imaging).
Non-treatment-seeking drug users (and a subset of HC

subjects) were invited to participate in two PET scans during
early withdrawal, ~ 1 week apart. In MA and cocaine users,
drug use during the between-scan period was recorded at the
second PET session. Drug users who did not remain
abstinent (ie, who relapsed as reported by the participants
or as evidenced by positive urine) during this period were
not scanned.
On scan days, subjects provided urine and blood samples

for drug toxicology (urine: BTNX.com multidrug test panel,
CAMH Clinical Lab broad-spectrum drug screen; blood:
United States Drug Testing Laboratory (USDTL), De Plains,
IL), filled out mood, drug withdrawal, and craving
questionnaires and completed a battery of cognitive tests
(Supplementary Tables 1 and 2). Following a brief transmis-
sion scan, the emission scans started with the bolus injection
of ~ 10mCi of (+)[11C]DTBZ. Emission data were acquired
for 60 min in list mode and raw data were reconstructed by
Fourier rebinning (FORE) 2D filtered back projection
algorithms (Defrise et al, 1997).
Proton-density magnetic resonance imaging were obtained

on a Signa 1.5-T scanner (General Electric, Milwaukee, WI)
for the purpose of region of interest (ROI) selection. Details
of ROI delineation are described in Rusjan et al (2006). In
brief, each individual’s set of automatically created ROIs,
which included three bilateral subcompartments of the
striatum (the associative striatum (AST), limbic striatum
(LST), and sensorimotor striatum (SMST)) as described in
Martinez et al (2003), was aligned and resliced to match the
dimension of the PET images (using SPM8). The occipital
cortex was selected as the region of reference, that is,
showing only trace levels of VMAT2 protein (Tong et al,
2011). (+)[11C]DTBZ binding to VMAT2 (ie, non-
displaceable binding potential; BPND) was estimated in each
ROI using the simplified reference tissue method
(SRTM; Gunn et al, 1997; Lammertsma and Hume, 1996)
and the occipital cortex time–activity curve as an input
function (Chan et al, 1999; Koeppe et al, 1996) as
implemented in PMOD (version 2.8.5; PMOD Technologies,
Zurich, Switzerland). The SRTM has been shown to be an
appropriate model for quantifying (+)[11C]DTBZ data in
humans without arterial input function (Chan et al, 1999;
Koeppe et al, 1996).
Parametric images of (+)[11C]DTBZ binding were gener-

ated by estimating SRTM parameters as described in Gunn
et al (1997). Each parametric map was spatially normalized
to an anatomical template (MNI) using SPM8 normalization
and coregistration tools (Wellcome Department of Cognitive
Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/spm).
Once in the same space, BPND maps were statistically
investigated to assess significant contrasts between groups

using independent sample t-test analysis (SPM8). Voxel
with BPND values o0.2 were excluded from the search.
A significance threshold was set as po0.01 with FWE
correction for multiple comparisons.

Statistical Analyses

Comparisons between (+)[11C]DTBZ VMAT2 BPND in the
different ROIs in the HCs, MA, and cocaine user groups
were conducted by using a repeated-measures ANOVA
(SPSS 20) with a within-subject factor (ROI) and a between-
subject factor (Group). When appropriate, least significant
difference t-tests, Bonferroni-corrected for planned compar-
ison, were applied to determine the significance of regional
differences in (+)[11C]DTBZ BPND between groups.
Pearson’s product-moment correlation coefficients were
used to examine the putative relationships between beha-
vioral and plasma meth/amphetamine measures and regional
(+)[11C]DTBZ BPND. A probability value of 0.05 was selected
as the significance threshold.

RESULTS

Subjects’ demographic information is reported in Table 1.
Twenty-eight MA users, 9 cocaine users, and 22 HCs
completed 1 PET scan and 17 MA users, 8 cocaine users,
and 9 HCs remained in the study to complete another PET
scan ~ 7 days later. Drug users were matched with HCs with
respect to age and gender (cocaine users were marginally
older than HCs); however, the level of education and IQ
tended to be higher in HCs and the rate of nicotine
(and cannabis) smoking, depressive symptomatology were
self-reported to be higher in the drug-using groups but not
different between MA and cocaine users. Stimulant users also
had greater rates of comorbid mood disorders relative to
healthy controls. MA and cocaine were the primary and
preferred self-reported drugs of abuse in the MA and cocaine
users, respectively, and all had used the drug for at least
1 year and were still currently using. MA and cocaine users
scored above threshold for optimal discrimination between
the presence and absence of a DSM-IV diagnosis of
amphetamines dependence (Topp and Mattick, 1997) and
cocaine (Kaye and Darke, 2002) and had drug use severity in
the intermediate to substantial range based on the Drug
Abuse Screening Test (DAST) (Table 2). MA was found in
scalp hair of the 28 MA users and cocaine and/or its
metabolite benzoylecgonine in hair of the 9 cocaine users,
whereas none of these were detected in hair of HCs. Cocaine
or metabolite was found in hair of 17 (60%) of the MA users
but was only detectable in urine in a single case during the
study period. In contrast, cross-use of MA in cocaine users
was minimal, with only 1/9 cases providing an MA-positive
hair and urine sample. There were no significant differences
in (+)[11C]DTBZ scan parameters between groups and scans
(Table 1).

PET Results

MA users have greater (+)[11C]DTBZ binding during early
abstinence (~2–3 days). A repeated-measure ANOVA
(ROI (3) ×Group (3)) investigating differences in (+)[11C]
DTBZ binding between HCs and drug-using groups during
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early abstinence (2.6 days, range 1–7 days) yielded a
significant main effect of group (F(2, 56)= 9.581;
po0.0001) and an ROI ×Group interaction (F(1.485,
83.146)= 5.077; p= 0.001). Pairwise contrast (Bonferroni-
corrected) showed that MA use was associated with greater
striatal (+)[11C]DTBZ levels when compared with HCs
(+28%, po0.0001) and relative to cocaine users (p= 0.038).
In contrast, striatal (+)[11C]DTBZ levels in cocaine users
were within the normal range (+6%, p= 1.0). In MA users,
above-normal striatal [(+)[11C]DTBZ levels occurred in the
AST (+31%, po0.0001), LST (+24%, p= 0.01), and in the
SMST (+26%, po0.0001); differences from cocaine users
were significant in the AST (+22%, p= 0.026) and LST
(+30%, p= 0.027) but not in the SMST (+16%, 0.126)
(Table 3; see Figure 1 for the scatter plots). These findings
were echoed in our voxel-wise investigation in which we
found bilateral clusters of greater (+)[11C]DTBZ binding in
the striatum of MA users vs HC (Figure 2). Adjusting
ANOVA for group differences in use of cigarettes per day,
weekly alcohol consumption, current cannabis use, and
self-reported depressive symptoms did not change the main
finding of higher (+)[11C]DTBZ binding in MA users overall

(vs HCs and cocaine users), respectively, F(2, 55)= 5.723;
p= 0.006, F(2, 43)= 5.036; p= 0.011, and F(2, 43)= 5.723;
p= 0.006. Interestingly, we noted that MA users who were
unable to remain abstinent for the second scan (chose MA
over honorarium to compensate for the time spent in the
study), and for that reason were not scanned a second time,
that is, who relapsed (‘relapsers’, n= 7), had 17% (ANCOVA
with days of abstinence before PET scan as factor: p= 0.035)
higher striatal (+)[11C]DTBZ binding at scan 1 compared
with those who were able to abstain (‘abstainers’, n= 17).
Both subgroups of the MA users had significantly higher (+)
[11C]DTBZ binding compared with the healthy controls at
the first scan, with the exception of the binding in LST of the
‘abstainers’ (Table 3).

Rapid recovery of (+)[11C]DTBZ binding in some MA users
(after ~ 10-day abstinence). Investigating whether striatal
(+)[11C]DTBZ binding might change with time, a subset of
subjects who remained in the study (MA users: n= 17;
cocaine users: n= 8; HC: n= 9) was scanned ~ 1 week
following the first scan (on average 10 days since last drug
use). As shown in Table 3 (see Figure 3 for scatter plots),
mean striatal binding levels in both cocaine users and MA
users measured 1 week following first scan were not
significantly different compared with those in HCs (+3% in
MA users; +5% in cocaine users vs HCs; F(2, 48)= 0.288,
p= 0.751). In MA users, there was an overall 11% (p= 0.055)
reduction in striatal (+)[11C]DTBZ binding from the first
scan; however, the interindividual variability was high
(range: − 34% to +29%, 6/17 cases showed increases vs
‘normalization’).

Higher (+)[11C]DTBZ binding in MA users during early
abstinence correlated with severity of recent drug use and
behavioral/cognitive deficits. Pearson’s product-moment
correlations revealed that in MA users (n= 28) during early
abstinence (2.6 days), severity (frequency) of recent use
(full striatum: r= 0.68, po0.0001), and calculated cumulative
dose exposure (last month) (full striatum: r= 0.48, p= 0.009),
as well as days of abstinence (AST: r=− 0.49, p= 0.008) and
plasma levels of MA (full striatum: r= 0.5; p= 0.008) before
the first PET scan correlated with (+)[11C]DTBZ binding. In
line with the time dependency of MA on (+)[11C]DTBZ
binding, we found that MA users who used ~ 24 h before the
scan (n= 10, ie, yesterday) had higher (+)[11C]DTBZ
binding relative to those who used more than 2 days
(n= 18, 2–7 days) before the scan. Specifically, this
corresponded to a 52, 45, and 45% greater (+)[11C]DTBZ
binding in AST, LST, and SMST relative to HCs (and 20, 13,
and 15% in AST, LST, and SMST relative to those who used
more than 2 days before the scan). Furthermore, (+)[11C]
DTBZ binding measured at the first scan predicted
measurements at the second scan (AST: r= 0.49, p= 0.045;
LST: r= 0.76, po0.001; full striatum: r= 0.54, p= 0.026) such
that individuals with higher (+)[11C]DTBZ binding during
earlier, acute withdrawal (~2 days) had higher (+)[11C]DTBZ
binding during later abstinence. Although relative to HCs,
MA users did not have an overall marked impairment in
cognitive and behavioral function, some slight deficits were
noted (see Supplementary Tables 1 and 2).

Table 2 Drug Use Profile

MA users
(n=28)

Cocaine users
(n= 9)

p-Value

Years of drug use 6.6± 5.7 13.7± 8.5 0.007

Days per week
(last month)

4.3± 2.4 1.9± 1.9 0.08

Amount per day (g) 0.35± 0.30 0.64± 0.30 0.013

Amount per month (g) 1.57± 1.46 1.38± 1.90 0.75

SDS 4.3± 2.8 5.3± 3.7 0.42

DAST-20 10.3± 3.6 10.2± 4.2 0.95

Route of administration 14 smoking
6 nasal

4 smoking/nasal
2 oral
2 IV

2 smoking
7 nasal

Days used (last 90 days) 49.9± 24.1 24.6± 20.9 0.02

Days abstinent

Before scan 1 2.6± 2.0 (n= 28) 2.6± 1.6 (n= 9) 0.91

Before scan 2 9.9± 2.3 (n= 17) 9.4± 1.2 (n= 8) 0.52

Drugs used recentlya 28 MA/AM
6 MDMA/MDA
17 Cocaine/
metabolites
4 Opioids
6 THC

1 MA/AM
1 MDMA/MDA
9 Cocaine/
metabolites
2 Opioids
4 THC

Abbreviations: AM, amphetamine; MA, methamphetamine; MDA, 3,4-methyl-
enedioxyamphetamine; MDMA, 3,4-methylenedioxy-N-methamphetamine;
THC, tetrahydrocannabinol (cannabis).
Levels of MA and MDMA were, as expected (Kalasinsky et al, 2004), higher than
those of their metabolites AM and MDA, respectively, in all cases.
aAs per scalp hair data (~4–5 months before enrollment in the study, assuming a
growth rate of ½ inch per month).
Bold values indicate significance at po0.05.
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We investigated whether ‘abnormal’ (+)[11C]DTBZ bind-
ing in MA users (n= 28, first scan) correlated with behavior:
higher striatal (+)[11C]DTBZ binding (presumably low levels
of stored dopamine) correlated with cognitive deficits in
verbal memory (Hopkins Verbal Learning Task verbal recall:
r=− 0.43, p= 0.03; cued verbal recall: r=− 0.46, p= 0.02; and
verbal recognition: r=− 0.46, p= 0.01), decision-making
(delay discounting, ie, the tendency to choose a smaller
sooner reward over a larger later reward as measured by the
Delay Discounting Task: r= 0.43, p= 0.03), and speed of
processing (Continuous Performance Task; hit reaction time:
r= 0.43, p= 0.03 in SMST). We also found that self-reported
withdrawal symptoms and daytime sleepiness tended
to be greater in MA users with higher (+)[11C]DTBZ
levels (Amphetamine Withdrawal Questionnaire with
LST: r= 0.37, p= 0.051; Epworth sleepiness scale with whole
striatum: r= 0.44, p= 0.011). In line with the above finding,

smaller changes in (+)[11C]DTBZ binding between scan 1
and scan 2 were associated with persistently poorer
performance (partial correlation controlling for differences
in baseline (+)[11C]DTBZ) in verbal memory (HVLT cued
recall with full striatum: r=− 0.6, p= 0.02) and speed of
processing (Continuous Performance Task (omission) and
SMST; r=− 0.6, p= 0.03).

DISCUSSION

Our new PET data confirm and extend our earlier
preliminary imaging findings (Boileau et al, 2008) by
showing that striatal (+)[11C]DTBZ binding is not decreased
but markedly increased in MA users during early abstinence
and related to recent severity of drug use—we suggest that
this finding reflects a depletion of vesicular dopamine.

Table 3 [11C]-(+)-Dihydrotetrabenazine binding (BPND) in Healthy Controls and Users of Cocaine and MAa

Control subjects (n=22) Cocaine users (n=9) MA users p-Valueb (Bonferroni-corrected)

MA vs controls MA vs cocaine

First scan

LST 1.76± 0.29 1.69± 0.26 2.19± 0.63 (n= 28, all) 0.010 0.027

1.97± 0.65 (n= 17, ‘abstainer’) 0.472 0.384

2.46± 0.55 (n= 7, ‘relapser’) o0.0001 o0.0001

AST 2.38± 0.34 2.56± 0.35 3.13± 0.71 (n= 28, all) o0.0001 0.026

2.90± 0.75 (n= 17, ‘abstainer’) 0.013 0.379

3.44± 0.55 (n= 7, ‘relapser’) o0.0001 o0.0001

SMST 2.93± 0.40 3.16± 0.47 3.68± 0.82 (n= 28, all) o0.0001 0.126

3.43± 0.83 (n= 17, ‘abstainer’) 0.038 0.848

3.97± 0.81 (n= 7, ‘relapser’) o0.0001 0.010

Full striatum 2.41± 0.34 2.55± 0.30 3.09± 0.71 (n= 28, all) o0.0001 0.040

2.85± 0.74 (n= 17, ‘abstainer’) 0.031 0.493

3.38± 0.59 (n= 7, ‘relapser’) o0.0001 o0.0001

(n= 9) (n= 8) (n= 17, ‘abstainers’)

Second scan

LST 1.72± 0.30 1.77± 0.21 1.74± 0.41 1.0 1.0

AST 2.48± 0.36 2.53± 0.42 2.57± 0.38 1.0 1.0

SMST 3.02± 0.41 3.22± 0.50 3.08± 0.48 1.0 1.0

Full striatum 2.46± 0.34 2.58± 0.35 2.54± 0.39 1.0 1.0

Abbreviations: AST, associative striatum; LST, limbic striatum; MA, methamphetamine; SMST, sensorimotor striatum.
Data in mean± SD. The first scan was performed during very early abstinence at 1–7 (mean 2.6) days after last drug use, whereas the second scan was performed
~ 1 week (5–9 days) after the first scan, that is, 7–15 (mean 9.8) days after the last drug use. ‘Abstainers’ are users who were able to maintain continued abstinence
between the two scans; ‘relapsers’ are those who were unable to remain abstinent for the length of the study and thus did not receive a second scan. There were also
four MA users who did not receive or complete a second scan for other reasons (eg, drop out or excessive head movement).
aDuring early (first scan) and later (second scan) abstinence.
bRepeated-measures ANOVA with a within-subject factor (ROI) and a between-subject factor (group) was used, followed by least significant difference t-tests,
Bonferroni corrected for planned comparisons.
Bold values indicate significance at po0.05.
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The sharp abstinence time-dependent binding drop-off in
the cross-sectional analysis (Boileau et al, 2008) is supported
by our longitudinal data in a subgroup of MA users
(‘abstainers’) who had normal binding levels 1 week
(~10 days of abstinence) following the first scan—it is also
in line with the time course of MA withdrawal in which
some symptoms (dysphoria, anhedonia, fatigue) have been
described to peak at 24 h after last use and steadily return to
near-normal range within 7–10 days (McGregor et al, 2005;
Zorick et al, 2010).

Our findings that MA users who were unable to remain
abstinent to complete the second scan (‘relapsers’) and those
with poorer cognitive performance and greater withdrawal
symptoms had higher (+)[11C]DTBZ binding during acute,
early withdrawal and that (+)[11C]DTBZ binding at that time
point predicted persistently high (+)[11C]DTBZ binding
suggest that low vesicular dopamine levels in early abstinence
could increase propensity for relapse. This interpretation is,
however, limited by the possibility, for example, that high
(+)[11C]DTBZ binding (and the correlations with behaviors)
is simply a vulnerability factor or explained by the presence
of greater rates of depression symptomatology in the more
severe MA using individuals.
Results of our autopsied brain and brain PET investiga-

tions of ‘dopamine’ measures are generally similar to the
currently reported finding and point to differences in the
actions of MA vs cocaine in human brain: MA users having
marked differences relative to HC (Moszczynska et al, 2004;
Wilson et al, 1996a), whereas cocaine users have, at most,
only modest differences (Narendran et al, 2012; Wilson et al,
1996b, see Kish, 2014).
A very low dose of amphetamine did not induce increased

striatal (+)[11C]DTBZ binding, measured 2 h after adminis-
tration, in normal humans (Boileau et al, 2010) such that
(+)[11C]DTBZ binding was slightly decreased relative to
baseline (by 5%). However, in our ex vivo animal study in
which a much higher dose could be given, striatal (+)[11C]
DTBZ binding was increased following an acute dose of
either amphetamine or a dopamine synthesis inhibitor,
which would be expected to lower dopamine levels (Tong
et al, 2008). Thus, the simplest explanation for the elevated
striatal (+)[11C]DTBZ binding in MA users taking much
higher doses of MA (350 mg a day compared with ~ 30 mg

Figure 1 Regional [11C]-(+)-dihydrotetrabenazine ((+)[11C]DTBZ) bind-
ing at first scan (very early abstinence) for healthy controls, methamphe-
tamine (MA) users, and cocaine users. Note that striatal (+)[11C]DTBZ
binding is higher than controls in MA users but not in cocaine users. AST,
associative striatum; FS, full striatum; LST, limbic striatum; MA, metham-
phetamine; SMST, sensorimotor striatum.

Figure 2 T-statistical map overlaid average T1-weighted magnetic resonance imaging (MRI) showing large clusters of significantly greater
[11C]-(+)-dihydrotetrabenazine ((+)[11C]DTBZ) binding (lower vesicular dopamine) in the striatum of methamphetamine (MA) users during early
abstinence (~2–3 days) relative to healthy controls (left cluster, Ke: 447, PDR-corrected40.0001, peak voxel in the cluster: t= 6.2; right cluster, Ke: 299, PDR-
corrected 40.0001, peak voxel in the cluster: t= 5.8). Top panel, Montreal Neurological Institute (MNI) coordinates for the Y axis; bottom panel, MNI
coordinates for the Z axis.
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typically given in our PET studies) is that high doses of the
drug, a dopamine-releasing agent (Kish, 2014), caused a
massive release and loss of intraneuronal dopamine conse-
quently increasing binding ability of (+)[11C]DTBZ, which is
subject to a competitive interaction with vesicular dopamine.
However, we cannot exclude the possibility that VMAT2
(protein) level itself might also be influenced as part of a
compensatory process to changes in dopamine levels or that
binding of the tracer to VMAT2 might possibly have been
reduced to some extent by competition with residual MA
(at scan 1) (Partilla et al, 2006). Our PET imaging findings
are consistent with and support our previous post-mortem
brain findings of a dopamine loss (putamen − 61%; caudate
− 50%; expressed per control mean) in MA users who had
taken the drug within 3 days of death, although the
intrastriatal difference in the imaging investigation was only
slight (and not statistically significant) in the living brain
(AST, +31%; SMST, +26%) (Moszczynska et al, 2004; Wilson
et al, 1996a). The lack of change in cocaine users is consistent
with a less prominent action of cocaine (vs MA) as a
dopamine releaser (see Kish, 2014) and the short half-life of
cocaine vs MA. In this regard, our study provides further
support for the novel use of (+)[11C]DTBZ in detecting
changes in tissue levels of dopamine (de La Fuente-Fernandez
et al, 2003) and raises additional caution when interpreting
differences in (+)[11C]DTBZ levels as reflecting only a change
in VMAT2 protein.
Historically, the primary use of the (+)[11C]DTBZ probe in

human striatum has been to assess the integrity of
nigrostriatal dopamine neurons (eg, in Parkinson’s disease),
as most VMAT2 is localized in the striatum to dopamine
storage vesicles in dopamine neurons (see Frey et al, 1996;
Nandhagopal et al, 2011; Wilson et al, 1996c). Animal data
indicate that a high dose of MA can both damage dopamine
neurons and cause loss of striatal VMAT2 (Frey et al, 2001;
Seiden and Ricaurte, 1987), although human findings have
been equivocal (Johanson et al, 2006; Kitamura et al, 2007;

Tong et al, 2014; Wilson et al, 1996a; for a review, see Kish,
2014). In the cocaine literature, dopamine neuron status has
generally suggested a slight loss of dopaminergic innervation
and/or vesicles in some cocaine users (see above and Kish,
2014). Our finding that striatal (+)[11C]DTBZ binding was
not decreased in either the MA or cocaine user groups, as it is
in conditions of known dopamine neuron loss (Boileau et al,
2008; Frey et al, 1996; Nandhagopal et al, 2011), could be
explained by the fact that any reduction because of the loss of
neurons was masked by the acute ‘dopamine-lowering’
effects of the drug that would have increased binding. As
such, a longer abstinence time (42 weeks as in Narendran
et al, 2012) might have revealed decreased (+)[11C]DTBZ
binding (eg, Johanson et al, 2006). Alternatively, and perhaps
more likely, MA and cocaine at the doses used by the
subjects of our study, might not have caused toxic loss of
either dopamine vesicles or neurons.
Does ‘low brain dopamine’ have any therapeutic rele-

vance? Low striatal dopamine, if sufficiently severe, could
induce both motor (Parkinsonism) and non-motor
(eg, cognitive, motivational, hedonic status) behavioral
problems (Ehringer and Hornykiewicz, 1960; Taylor and
Saint-Cyr, 1995). We did find that higher (+)[11C]DTBZ was
associated with reduced cognitive function (delayed verbal
recall, speed of processing, and discounting rate) and severity
of withdrawal and that some MA users with the highest
(+)[11C]DTBZ binding were unable to remain abstinent at
the second scan session (ie, relapsed). Our finding that high
(+)[11C]DTBZ binding is related to impaired cognition is in
line with our previous study (Boileau et al, 2008) as well as
other published reports in MA users (Johanson et al, 2006;
McCann et al, 2008; Volkow et al, 2001b), which have shown
a link between dopamine neuron markers (dopamine
transporter (DAT)) and deficits in verbal recall and
psychomotor function, although the recovery of DAT shown
in one study (Volkow et al, 2001a; but see McCann et al,
1998, 2008) was not associated with recovery of cognition.
Taken together, the above findings suggest that relapse and
behaviors conducive to relapse (ie, impaired cognition,
greater withdrawal-associated symptoms) in MA users
during abstinence might be related to differences in brain
dopamine levels. This finding is in line with the report of
Wang et al (2012), to our knowledge the only investigation
reporting evidence for a dopamine-related predictor of
treatment response, showing a relationship between blunted
synaptic dopamine release in the striatum of MA users and
clinical outcome. It will however need to be established
whether low levels of stored dopamine are, in fact, reflected
by equally low concentrations of dopamine at the synapse,
which contains only a very small fraction of total ‘tissue’
dopamine. We did not find clear evidence in those subjects
who were able to remain abstinent for 47 days that a
dopamine deficiency might be present in later abstinence
(410 days); this again is partly in line with the finding from
Wang et al (2012), which suggests that MA users able to
remain abstinent relative to ‘relapsers‘ may have normal
levels of dopamine. This possibility was difficult to address
fully in our study as many of the MA users were unable to
adhere to the protocol and maintain abstinence for 1 week
(seven drop outs due specifically to relapse). However, it is
reasonable to suggest that some ‘high’-dose (relapsing) users
might have a longer lasting biologically relevant striatal

Figure 3 [11C]-(+)-dihydrotetrabenazine ((+)[11C]DTBZ) binding in full
striatum at first scan (early abstinence) and second scan (continued
abstinence about 1 week later) for healthy controls, methamphetamine
(MA) users, and cocaine users. Note that higher than normal binding at first
scan returns to control levels at second scan in MA users.
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dopamine deficiency. Consistent with this possibility, we
found that MA users who were unable to remain abstinent
for 7 days had higher (+)[11C]DTBZ binding in the striatum
and higher (+)[11C]DTBZ binding at early abstinence
predicted persistently higher (+)[11C]DTBZ binding.
Although none of the ‘relapsers’ received a second scan, as
they could not maintain abstinence, the possibility exists that
their VMAT2 binding elevation might have been more
severe and prolonged even during later abstinence.
The clinical relevance of our findings is best addressed by a

drug intervention study in MA users using levodopa, the
most efficacious dopamine substitution medication in the
treatment of Parkinson’s disease (Hornykiewicz, 2001; Lees
et al, 2014). Normalization of levels of a biologically
important neurotransmitter could help normalize behavior.
However, a practical safety issue is that, based on animal
data, levodopa should probably not be administered at a time
when residual MA is present in part because of possible
damage to dopamine neurons (Thomas et al, 2009)—a
consideration that could limit the use of levodopa in MA
users who have a transient dopamine deficiency. We also
suggest that, before any efficacy investigation, a safety-
tolerability clinical trial in MA users of levodopa in subjects
who are in a controlled setting and are free of residual drug
might be warranted.
Our main findings suggest that stored dopamine is

markedly reduced after recreational use of MA but recovers
rapidly in some users able to remain abstinent. Higher
(+)[11C]DTBZ binding during early abstinence is associated
with cognitive impairment, suggesting that low vesicular
dopamine, in some MA users, might be involved in the
relapse process.
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