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Objective: The role of dopamine in the
addictive process (loss of control and
compulsive drug intake) is poorly under-
stood. A consistent finding in drug-ad-
dicted subjects is a lower level of dopa-
mine D, receptors. In cocaine abusers,
low levels of Dy receptors are associated
with a lower level of metabolism in the
orbitofrontal cortex. Because the orbito-
frontal cortex is associated with compul-
sive behaviors, its disruption may contrib-
ute to compulsive drug intake in addicted
subjects. This study explored whether a
similar association occurs in metham-
phetamine abusers.

Method: Fifteen methamphetamine abus-
ers and 20 non-drug-abusing comparison
subjects were studied with positron emis-
sion tomography (PET) and ["'CJraclopride
to assess the availability of dopamine D>
receptors and with ['8F]fluorodeoxyglu-
cose to assess regional brain glucose me-
tabolism, a marker of brain function.

Results: Methamphetamine abusers had
a significantly lower level of D, receptor
availability than comparison subjects (a
difference of 16% in the caudate and 10%
in the putamen). D, receptor availability
was associated with metabolic rate in the
orbitofrontal cortex in abusers and in
comparison subjects.

Conclusions: Lower levels of dopamine
D, receptor availability have been previ-
ously reported in cocaine abusers, alcohol-
ics, and heroine abusers. This study ex-
tends this finding to methamphetamine
abusers. The association between level of
dopamine D; receptors and metabolism in
the orbitofrontal cortex in methamphet-
amine abusers, which replicates previous
findings in cocaine abusers, suggests that
D> receptor-mediated dysregulation of the
orbitofrontal cortex could underlie a com-
mon mechanism for loss of control and
compulsive drug intake in drug-addicted
subjects.

(Am J Psychiatry 2001; 158:2015-2021)

Methamphetamine is a highly addictive drug of
abuse (1) whose reinforcing effects have been equated to
those of cocaine (2, 3). In humans, the reinforcing effects
of methamphetamine, which are most accentuated when
the drug is taken intravenously or smoked (4), can lead to
rapid escalation of drug use and compulsive drug admin-
istration (5). Over the past decade methamphetamine
abuse has significantly risen in several areas of the United
States and the world (6-8) and has become a significant
public health problem.

Although many neurotransmitter systems have been
implicated in methamphetamine’s reinforcing effects, by
far the most evidence points to the dopamine system (1,
9). Most studies of the effects of repeated methamphet-
amine administration have concentrated on its neurotoxic
effects on dopamine cells. In laboratory animals, meth-
amphetamine induces profound and long lasting damage
to dopamine cells (10). Human postmortem and imaging
studies in methamphetamine abusers have documented
significant losses in dopamine transporters, which are
structural elements of the dopamine terminals (11-13). In
methamphetamine abusers, the loss of dopamine trans-
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porters has been associated with motor and cognitive im-
pairment (13) but has not been linked to the mechanisms
underlying methamphetamine addiction. Moreover, little
is known about the role of dopamine in the loss of control
and compulsive drug intake seen in methamphetamine-
addicted subjects.

Imaging studies have shown that a common abnormal-
ity in drug-addicted subjects, including alcoholics, cocaine
abusers, and heroin abusers, is a lower than normal level of
dopamine D, receptor availability (14-17). Moreover, we
have shown an association in cocaine abusers between
striatal dopamine D, receptor densities and metabolic
rates in the orbitofrontal cortex (18). Since disruption of
the orbitofrontal cortex is associated with obsessive and
compulsive behaviors (19, 20), we hypothesized that dopa-
mine dysregulation of the orbitofrontal cortex underlies
compulsive drug intake in cocaine-addicted subjects (21,
22). Here we evaluated the question of whether a similar
disruption could underlie methamphetamine addiction.

Positron emission tomography (PET) was used with
['!C]raclopride to measure dopamine D; receptors and
with ['®F]fluorodeoxyglucose (FDG) to measure brain glu-
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FIGURE 1. Ratio of the Distribution Volume of [''C]Raclo-
pride in the Striatum Normalized to the Distribution Vol-
ume in the Cerebellum in a Non-Drug-Abusing Comparison
Subject and a Methamphetamine Abuser
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cose metabolism in methamphetamine abusers and in
comparison subjects. We hypothesized that methamphet-
amine abusers would have a lower level of dopamine D,
receptor availability than the comparison subjects and
that the level of D, receptor availability would be associ-
ated with metabolism in the orbitofrontal cortex. The re-
sults from the FDG studies in the methamphetamine
abusers were published as part of a study that compared
regional brain glucose metabolism between methamphet-
amine abusers and comparison subjects (23).

Method

Subjects

Fifteen subjects (six men, nine women; mean age=32 years,
SD=7) who fulfilled DSM-IV criteria for methamphetamine de-
pendence were enrolled in the study. Twelve subjects were evalu-
ated within 2 weeks to 5 months of their last methamphetamine
abuse, and the other three were studied between 11 and 35
months after their last methamphetamine abuse. Methamphet-
amine abusers were included in the study if they had an average
methamphetamine use of at least 0.5 gram/day at least 5 days per
week for at least 2 years, a minimum of 2 weeks of abstinence
from methamphetamine, and a negative urine toxicology screen.
Methamphetamine abusers were excluded from the study if they
were seropositive for HIV or had a past or present history of a co-
morbid psychiatric illness (DSM-1V axis I or I diagnosis) and/or a
neurological disorder, abnormal laboratory screening test results,
a current or past history of addiction to drugs other than meth-
amphetamine and nicotine, or a history of head trauma with loss
of consciousness for more than 30 minutes. Methamphetamine
abusers were recruited from several drug rehabilitation centers in
the Los Angeles area and were enrolled in a California court-mon-
itored drug rehabilitation program that required periodic drug
screening to ensure lack of drug use during detoxification. After
an initial telephone or on-site face-to-face screening interview,
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potential research subjects provided a detailed medical and drug
use history and underwent physical and neuropsychiatric evalu-
ations (L.C.). Diagnosis and exclusion criteria were corroborated
by a physician from the State University of New York or from
Brookhaven National Laboratory (M.S., G.-J.W.,, D.E). The meth-
amphetamine abusers had an average 10-year (SD=6) history of
methamphetamine abuse, with a reported cumulative lifelong
use of 13 kg (SD=20) of methamphetamine, which they consumed
predominantly either by the intravenous or the smoked route of
administration.

The comparison subjects were 20 healthy volunteers (14 men,
six women; mean age=31 years, SD=7) recruited by local adver-
tisement. The exclusion criteria for the comparison subjects were
the same as those used for the methamphetamine abusers, ex-
cept for dependence or abuse of methamphetamine. A complete
medical, neurological, and psychiatric examination was per-
formed to ensure lack of disease. Except for HIV serology, all lab-
oratory test results obtained for the methamphetamine abusers
were also obtained for the comparison subjects.

None of the subjects was taking medication at the time of the
study. Prescan urine tests were done to ensure the absence of psy-
choactive drug use in the comparison subjects and in the meth-
amphetamine abusers. Written informed consent was obtained
from the subjects after the procedures had been fully explained.
The study was approved by the institutional review boards at the
Brookhaven National Laboratory, State University of New York,
Stony Brook, and Harbor-University of California, Los Angeles,
Medical Center.

Imaging

PET scans were performed with a CTI 931 scanner (Siemens,
Knoxville, Tenn.). Subjects were scanned after intravenous injec-
tion of [!Clraclopride and of FDG. Details of the procedures for
positioning, arterial and venous catetherization, and quantifica-
tion of the radiotracer have been published for the ['!C]raclo-
pride scans (24) and the FDG scans (25). Briefly, the 60-minute
dynamic scans with [''C]raclopride were started immediately af-
ter intravenous injection of 4-10 mCi of ["1C]raclopride (specific
activity >0.25 Ci/pmol at time of injection). One emission scan (20
minutes) with FDG was taken 35 minutes after intravenous injec-
tion of 4-6 mCi of FDG. During the study, the subject lay with eyes
open in the PET camera, the room was dimly lit, and noise was
kept to a minimum. A nurse remained with the subject through-
out the procedure to ensure that the subject did not fall asleep
during the study.

Image Analysis

Regions of interest in the [C]raclopride images were obtained
for the striatum (the caudate and the putamen) and for the cere-
bellum. The regions of interest were initially selected on an aver-
aged scan (activity from 10 to 60 minutes) and were then projected
to the dynamic scans, as previously described (24). The time-ac-
tivity curves for ['1Clraclopride in the striatum and the cerebellum
and the time-activity curves for unchanged tracer in plasma were
used to calculate distribution volumes by using a graphical analy-
ses technique for reversible systems (Logan Plots) (26). The pa-
rameter Bpax/Kq, obtained as the ratio of the distribution volume
in the striatum to that in the cerebellum minus 1, was used as the
model parameter of dopamine D, receptor availability. This pa-
rameter is insensitive to changes in cerebral blood flow (27).

The regions of interest in the metabolic images were selected
by using a previously described template (25). With this template
we selected the region of interest for the orbitofrontal cortex, for
which we hypothesized a priori an association with dopamine D>
receptor availability; the regions of interest for the caudate and
the putamen, where dopamine D, receptors were measured; and
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TABLE 1. Rate Constant (K4) for the Transport of [''C]Raclopride From Plasma to Tissue and Distribution Volume of
[''C]Raclopride in the Caudate and Putamen in Methamphetamine Abusers and Non-Drug-Abusing Comparison Subjects

K4 Distribution Volume
Methamphetamine Abusers Comparison Subjects Methamphetamine Abusers Comparison Subjects
(N=15) (N=20) (N=15) (N=20)
Brain Region Mean SD Mean SD Mean SD Mean SD
Caudate® 0.09 0.02 0.10 0.02 1.28 0.20 1.58 0.26
PutamenP 0.11 0.03 0.11 0.02 1.57 0.30 1.86 0.37

a Significant difference between groups in distribution volume (F=13.7, df=1, 34, p<0.001).
b Significant difference between groups in distribution volume (F=5.9, df=1, 34, p<0.05).

the regions of interest in the temporal cortex and the cerebellum,
which were chosen as neutral regions of interest.

Statistical Analyses

Differences between the groups in K; (rate constant for the
transport of [''CJraclopride from plasma to tissue), distribution
volume, and dopamine D, receptor availability (Bmax/Kq) were
tested with one-factor analysis of variance (ANOVA). Pearson
product-moment correlation analyses were used to examine the
relationship between dopamine D, receptor availability and both
the absolute metabolic measure and the normalized metabolic
measure (regional measure divided by the whole brain measure)
separately in the methamphetamine abusers and in the compari-
son subjects.

Results

The transport rate parameters of [!'Clraclopride from
plasma to brain (K;) for the striatum or for the cerebellum
did not differ between the methamphetamine abusers
and the comparison subjects. The distribution volume in
the caudate and the putamen, but not in the cerebellum,
was significantly lower in the methamphetamine abusers
than in the comparison subjects (Figure 1, Table 1). The
estimates of dopamine D, receptor availability (Bmax/Ka)
were significantly lower in the methamphetamine abusers
than in the comparison subjects in both the caudate and
the putamen (Figure 2). Although the differences in Byax/
Kq between the groups appeared larger in the caudate
than in the putamen (a difference of 16% in the caudate
versus 10% in the putamen), these differences between
the regions were not significant, according to results of a
one-factor (comparison subjects versus methamphet-
amine abusers), repeated measures (caudate versus puta-
men) ANOVA (F=0.87, df=1, 33, p=0.36). No differences in
Bmax/Kq in the caudate and the putamen were found be-
tween the 12 methamphetamine abusers who had last
used methamphetamine within 5 months of the study and
the three who had not used methamphetamine for more
than 11 months (caudate: mean Bax/Kq=2.08, SD=0.25,
and 2.09, SD=0.17, respectively [F=0.001, df=1, 14, p=0.97];
putamen: mean Bpax/Kq=2.81, SD=0.53, and 2.80, SD=
0.40, respectively [F=0.002, df=1, 14, p=0.97]).

In the methamphetamine abusers, the dopamine D; re-
ceptor availability measures in the putamen were corre-
lated with metabolism in the orbitofrontal cortex (r=0.69,
df=14, p<0.005) but not with metabolism in the caudate
(r=0.40, df=14, p=0.15), putamen (r=0.39, df=14, p=0.15),
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FIGURE 2. Estimates of Dopamine D, Receptor Availability
(Bmax/Kg) in the Caudate and the Putamen in Non-Drug-
Abusing Comparison Subjects and Methamphetamine
Abusers?
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4 Bmax/Kd estimates were significantly lower in methamphetamine
abusers than in the comparison subjects in the caudate (F=16.0,
df=1, 34, p<0.0005) and the putamen (F=6.4, df=1, 34, p<0.02).

temporal cortex (r=0.34 df=14, p=0.22), or cerebellum (r=
0.36, df=14, p=0.19). Similar results were observed in the
comparison subjects, for whom a significant correlation
was found only between dopamine D, receptor availabil-
ity in the putamen and metabolism in orbitofrontal cortex
(r=0.52, df=19, p<0.02). None of the correlations with
dopamine D, receptors in the caudate in the metham-
phetamine abusers or the comparison subjects were sig-
nificant (data not shown). There were no differences in
metabolism in the orbitofrontal cortex between the com-
parison subjects (mean=48 pmol/100 g per minute, SD=9)
and the abusers (mean=52 umol/100 g per minute, SD=
13), but D, receptor availability was lower in methamphet-
amine abusers. Therefore, the regression slopes appear to
show that for a given estimate of dopamine D, receptor
availability, the absolute metabolism in the orbitofrontal
cortex is higher in the methamphetamine abusers than in
the comparison subjects (Figure 3). However, a covariate
analysis to test for differences between the groups in orb-
itofrontal metabolism conditional on the D, measures was
not significant.

For the methamphetamine abusers, the correlations be-
tween the dopamine D, receptor measures and the nor-
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FIGURE 3. Correlation of Dopamine D> Receptor Availability (Bmax/Kg) in the Putamen With Absolute and Normalized
Measures of Metabolism in the Orbitofrontal Cortex in Methamphetamine Abusers and Non-Drug-Abusing Comparison

Subjects
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malized metabolic measures (measure for the region of in-
terest divided by the measure for the whole brain) showed
results similar to those for the absolute metabolic mea-
sures: the only significant correlation was between D, re-
ceptor availability in the putamen and metabolism in the
orbitofrontal cortex (r=0.74, df=14, p<0.002) (Figure 3). In
the comparison subjects, none of the correlations with the
normalized metabolic measures was significant, including
the correlation between the measure of D, receptor avail-
ability in the putamen and metabolism in the orbitofron-
tal cortex (r=0.31, df=19, p=0.18).

Discussion

Imaging and postmortem studies have documented in
methamphetamine abusers markedly lower levels of
dopamine transporters, which serve as presynaptic mark-
ers for the dopamine terminal (11-13). However, to our
knowledge, this is the first PET study to document lower
levels of dopamine D, receptors in methamphetamine
abusers. PET measures of dopamine D, receptors mostly
reflect the level of postsynaptic receptors (28). Thus, these
findings provide evidence that methamphetamine also
affects postsynaptic dopamine elements, which in the
striatum most likely reflect effects of methamphetamine
on intrinsic y-aminobutyric acid cells. These findings cor-
roborate the few preclinical studies showing that meth-
amphetamine, in addition to causing changes in pre-
synaptic dopamine markers, also reduces postsynaptic
dopamine D5 (29, 30) and D; receptors (31).

Lower levels of D, receptor availability in methamphet-
amine abusers could reflect receptor down-regulation
from exposure to a higher extracellular dopamine concen-
tration secondary to methamphetamine’s acute pharma-
cological effects as well as methamphetamine-induced
losses of dopamine transporters (11). Even though studies
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have documented decreased striatal dopamine concen-
tration with methamphetamine administration (11, 32),
the concomitant dopamine transporter losses could still
result in enhanced extracellular dopamine, as shown in
dopamine-transporter knockout mice (33). Alternatively,
the low levels of D, receptors could have preceded meth-
amphetamine use and may have predisposed these sub-
jects to drug use. In support of this possibility is a study
showing that, in non-drug-abusing comparison subjects,
striatal Dy receptor levels predicted responses to psycho-
stimulant administration (34). Subjects with low D, recep-
tor levels experienced a “pleasurable” response, whereas
subjects with high receptor levels experienced an “un-
pleasant” response. These findings led us to speculate that
D, receptors, by modulating pleasant versus unpleasant
drug responses, may be a variable that contributes to drug
abuse and addiction. However, in the study reported here,
it was not possible to determine if the lower levels of dopa-
mine D; receptors preceded the use of methamphetamine
use or reflected chronic use and, if the lower levels re-
sulted from chronic use, whether they recover with detox-
ification. Although in this study we were unable to detect
differences in D, receptors between the 12 methamphet-
amine abusers tested within 5 months of last metham-
phetamine use and the three tested after 11 months of
detoxification, the size of the study group was too small to
determine if recovery of D; receptors occurs with detoxifi-
cation. Also, since [!!C]raclopride is sensitive to endoge-
nous dopamine, we cannot rule out the possibility that the
lower levels of D, receptor availability could reflect com-
petition of [''CJraclopride binding with dopamine (35).
Reductions in D, receptors have been reported in other
drug abusers, including cocaine abusers (14, 18, 36), alco-
holics (15, 37), and heroin abusers (17), suggesting that re-
ductions in D, receptors are not specific to any type of
drug addiction but may underlie a common abnormality
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in addicted states and/or a common predisposing factor.
Moreover, we recently demonstrated a lower level of D, re-
ceptors in pathologically obese subjects, who share with
drug-addicted subjects the compulsive administration of
the reinforcer, which for obese subjects is not a drug but
food (38).

The association between metabolic activity in the orb-
itofrontal cortex and measures of D, receptors could re-
flect dopamine-mediated striatal regulation of orbitofron-
tal activity by means of striato-thalamo-cortical pathways
(39). The orbitofrontal cortex receives projections both
from the nucleus accumbens (40), which is the region in
the striatum that is traditionally associated with the rein-
forcing effects of drugs of abuse (41), and from the ventral
tegmental area, which is the main dopamine projection to
the nucleus accumbens (42). However, the orbitofrontal
cortex also sends projections to the nucleus accumbens
(39), so we cannot rule out the possibility that the associa-
tion reflects orbitofrontal regulation of dopamine striatal
activity. The reciprocal neuroanatomical connections be-
tween the orbitofrontal cortex and the nucleus accum-
bens make the orbitofrontal cortex a direct target for the
effects of drugs of abuse and a region that could modulate
these responses. Because of the limited spatial resolution
of the PET camera, dopamine D, receptor measures were
quantified in the putamen (one can not accurately mea-
sure receptor availability in nucleus accumbens). Future
studies done with PET cameras with better spatial resolu-
tion and sensitivity are required to specifically evaluate
the association between activity in the orbitofrontal cortex
and measures of D, receptors in the nucleus accumbens.

The relationship between metabolic activity in the orb-
itofrontal cortex and the availability of D, receptors was
significant both in the methamphetamine abusers and the
comparison subjects. However, the association between
D, receptors and the normalized metabolic measures in
the orbitofrontal cortex was significant in the abusers but
not in the comparison subjects. Since normalized mea-
sures are more sensitive to regional changes than absolute
measures, this association could reflect a higher sensitiv-
ity of the orbitofrontal cortex to dopamine modulation in
methamphetamine abusers than in comparison subjects.
However, further studies are required to determine if there
is enhanced sensitivity of the orbitofrontal cortex to dopa-
mine modulation and/or enhanced striatal dopamine reg-
ulation by the orbitofrontal cortex in drug-addicted sub-
jects, compared with non-drug-addicted subjects.

Dopamine modulation of the orbitofrontal cortex could
underlie addictive behaviors in several ways. First, the or-
bitofrontal cortex is involved in the regulation of “drive”
(43), and thus enhanced activation secondary to drug-in-
duced dopamine stimulation could result in an intense
motivation to self-administer methamphetamine in the
addicted subjects. Moreover, because the orbitofrontal
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cortex processes information about the rewarding proper-
ties of stimuli (44), its disruption could account for the en-
hanced salience of drug-related stimuli. Second, the orb-
itofrontal cortex has been implicated in the occurrence of
compulsive behaviors (19, 20), and thus one could postu-
late that its inappropriate activation could induce com-
pulsive drug administration in methamphetamine abus-
ers. In laboratory animals, damage to the orbitofrontal
cortex results in perseveration and resistance to extinction
of reward-associated behaviors (45, 46). These findings are
reminiscent of the reports of drug addicts who claim that
once they start taking a drug of abuse they cannot stop
even when the drugis no longer pleasurable. Third, the or-
bitofrontal cortex is involved with learning stimulus-rein-
forcement associations (47) and with conditioned re-
sponses (48) and could therefore participate in cues or
drug-induced craving. Laboratory animals exposed to an
environment where they had received a drug of abuse
show orbitofrontal activation (49), and lesions of the orb-
itofrontal cortex interfere with drug-induced conditioned
place preference (50). These findings are relevant because
drug-induced conditioned responses have been impli-
cated in the craving elicited in humans by drug-related
stimuli (51), which is one of the factors that contributes to
relapse in drug abusers (52). Moreover, activation of the
orbitofrontal cortex has been shown in drug abusers dur-
ing craving elicited by a drug (53), by viewing a video of
drug paraphernalia (54), and by recalling previous drug
experiences (55).

Limitations for this study are those inherent in clinical
research in drug abuse populations, including inaccura-
cies in clinical histories and histories of drug use by the
subjects, as well as confounds from differences between
the groups investigated (e.g., differences in levels of con-
sumption of nicotine or alcohol). Thus, in this study, we
were unable to completely rule out the influence of co-
morbid factors. In interpreting these results, one also
needs to consider the importance of other brain regions,
other dopamine receptor subtypes, and other neurotrans-
mitter systems in the modulation of the orbitofrontal cor-
tex and in methamphetamine addiction.

This study shows lower levels of dopamine D, receptor
availability in methamphetamine abusers than in non-
drug-abusing comparison subjects, providing evidence
for the involvement of postsynaptic cells in the effects of
methamphetamine on dopamine neurotransmission. The
significant association between dopamine D, receptors in
the putamen and activity in the orbitofrontal cortex, a
brain region involved with compulsive behaviors, suggests
that dysregulation of the orbitofrontal cortex may be one
of the mechanisms by which disruption of dopamine ac-
tivity in methamphetamine abusers could lead to compul-
sive drug-taking behavior.
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