
Article

1170 Am J Psychiatry 166:10, October 2009ajp.psychiatryonline.org

Lower Level of Endogenous Dopamine in Patients With 
Cocaine Dependence: Findings From PET Imaging of D2/

D3 Receptors Following Acute Dopamine Depletion

Diana Martinez, M.D.

Kaitlin Greene, B.A.

Allegra Broft, M.D.

Dileep Kumar, Ph.D.

Fei Liu, Ph.D.

Rajesh Narendran, M.D.

Mark Slifstein, Ph.D.

Ronald Van Heertum, M.D.

Herbert D. Kleber, M.D.

Objective: Previous positron emission
tomography (PET) imaging studies have
demonstrated that cocaine dependence
is associated with a decrease in dopamine
type 2 and 3 (D2/D3) receptor binding in
cocaine-dependent individuals relative to
healthy comparison subjects. However,
given the nature of PET imaging, it is pos-
sible that the measured decrease in ra-
diotracer binding results from an increase
in baseline dopamine levels. The purpose
of this study was to measure D2/D3 recep-
tors following acute dopamine depletion
in cocaine-dependent volunteers relative
to healthy comparison subjects.

Method: Cocaine-dependent volunteers
(N=15) and healthy matched comparison
subjects (N=15) were scanned using PET,
with the dopamine receptor radiotracer
[11C]raclopride, at baseline and again fol-
lowing acute depletion of endogenous
dopamine via alpha-methyl-para-tyrosine

(AMPT) administration. Changes in ra-
diotracer binding were measured in the
subdivisions of the striatum (caudate,
putamen, and ventral striatum) in addi-
tion to the striatum as a whole.

Results: Findings revealed that cocaine-
dependent volunteers exhibited lower
levels of endogenous dopamine relative
to comparison subjects, which was mea-
sured as an increase in [11C]raclopride
binding following AMPT administration.
The increase in [11C]raclopride binding in
the striatum was 11.1% (SD=4.4%) in
healthy comparison subjects and 5.7%
(SD=5.9%) in cocaine-dependent volun-
teers. Similar differences were seen in the
subdivisions of the striatum.

Conclusions: The decrease in striatal D2/
D3 receptors associated with cocaine de-
pendence cannot be attributed to higher
levels of endogenous dopamine.

(Am J Psychiatry 2009; 166:1170–1177)

Positron emission tomography (PET) and radiotracers

selective for the dopamine type 2 and 3 receptors (D2/D3)

can be used to measure differences in receptor binding in

the human brain. Using this technology and the ra-

diotracer [11C]raclopride, previous studies have reported

that cocaine dependence is associated with a decrease in

D2/D3 binding in cocaine-dependent individuals relative

to healthy comparison subjects (1, 2).

However, PET radioligands do not image receptors oc-

cupied by endogenous levels of neurotransmitters, and

previous studies have shown that acute depletion of en-

dogenous dopamine increases radiotracer binding. The

reduction in endogenous dopamine increases the per-

centage of receptors available to bind to the radiotracer by

reducing the pool of receptors occupied by dopamine. A

paradigm has been developed to acutely deplete dopa-

mine using the drug alpha-methyl-para-tyrosine (AMPT),

which inhibits tyrosine hydroxylase and reduces endoge-

nous levels of dopamine in the brain (3). Based on this

paradigm, AMPT has been used in both PET and single

photon emission computed tomography (SPECT) studies

to image the percent of D2/D3 receptors occupied by en-

dogenous dopamine, and occupancies ranging from 9% to
28% have been reported in comparison subjects (3–6).

Only one previous study, conducted by Abi-Dargham et
al. (4), has measured levels of endogenous dopamine at
the D2/D3 receptors in a psychiatric population, which
showed that schizophrenia patients exhibited a higher
level of dopamine relative to comparison subjects. Abi-
Dargham et al. demonstrated that AMPT administration
resulted in a 19% increase in [123I]iodobenzamide binding
in subjects with schizophrenia relative to only a 9% in-
crease in matched healthy comparison subjects. Impor-
tantly, no difference in D2/D3 receptor binding potential
was seen between these two groups prior to dopamine de-
pletion. However, after AMPT administration, schizophre-
nia subjects were found to have higher binding potential
(11%) relative to comparison subjects. Thus, the study
demonstrated that between-group differences in D2/D3

receptor binding potential can be masked by differences
in the level of endogenous dopamine occupying the D2/D3

receptors.

In light of the finding by Abi-Dargham et al., it is impera-
tive to consider the possibility that the decrease in
[11C]raclopride binding potential seen in cocaine-depen-
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dent subjects could result from higher levels of endoge-
nous dopamine. Previous studies have demonstrated that
subjects with cocaine dependence have a 12% lower
[11C]raclopride binding potential on average relative to
matched comparison subjects (1, 2). However, it is possible
that differences in the levels of endogenous dopamine may
have contributed to this observation. Since the radioligand
is administered at tracer doses, differences in the occu-
pancy of D2/D3 receptors by endogenous dopamine be-
tween subjects would translate directly into differences in
apparent binding potential of the same relative magnitude.

In order to test the possible contribution of receptor oc-
cupancy by endogenous dopamine to the observed differ-
ence in [11C]raclopride binding potential between co-
caine-dependent subjects and comparison subjects, we
used [11C]raclopride to measure D2/D3 receptors before
and after acute dopamine depletion with AMPT in a group
of cocaine-dependent subjects (N=15) and matched
healthy comparison subjects (N=15).

Method

The present study was approved by the New York State Psychi-
atric Institute Institutional Review Board, and all participants
provided written informed consent. The cocaine-dependent vol-
unteers were 25 to 45 years old and medically healthy and fulfilled
DSM-IV criteria for cocaine dependence, with no other current
axis I diagnosis. In addition, they were not seeking treatment but
were informed that a referral for treatment was available. Healthy
comparison subjects were between the ages of 25 and 45 years old
and had no current or past DSM-IV axis I disorder.

Fifteen cocaine-dependent subjects (13 men/two women;
mean age: 39 years [SD=6 years]) and 15 healthy comparison sub-
jects (13 men/two women; mean age: 39 years [SD=5 years], p=
0.8) were enrolled in the study. Subjects were matched for 1) eth-
nicity (healthy comparison subjects: African American [N=13],
Caucasian [N=2]; cocaine-dependent subjects: African American

[N=13], Caucasian [N=1], Hispanic [N=1]) and 2) cigarette smok-
ing (healthy comparison subjects smoked 10 cigarettes per day
[SD=4] and included three nonsmokers; cocaine-dependent sub-
jects smoked 11 cigarettes per day [SD=5] and included two non-
smokers). Cocaine-dependent subjects reported smoking crack
cocaine an average of 13.4 years (SD=6.4 years) and spending
$196 (SD=$73) weekly over the past 6 months.

All subjects were scanned using PET, with the dopamine recep-
tor radiotracer [11C]raclopride, at baseline and again following
AMPT administration. Subjects were admitted to the Irving Cen-
ter for Clinical Research for the administration of AMPT. Cocaine-
dependent subjects were admitted 14 days prior to the baseline
PET and underwent random urine toxicology tests to confirm co-
caine abstinence. Healthy comparison subjects were admitted
prior to the first dose of AMPT. The dose of AMPT was adminis-
tered using a sliding scale, adjusted to a participant’s weight, as
follows: 59–75 kg=1,000 mg per dose; 76–92 kg=1,250 mg per dose;
93–115 kg=500 mg per dose. Eight doses of AMPT were adminis-
tered every 6 hours beginning 49 hours prior to the second PET
(post-AMPT) scan, with the last dose administered 1 hour prior to
the second scan. Since AMPT can produce crystalluria, all sub-
jects 1) received sodium bicarbonate, 1,300 mg daily, 2) were re-
quired to drink 4 liters of water every 24 hours, and 3) underwent
daily urinalysis of AMPT administration. A frequent side effect of
AMPT is extrapyramidal symptoms. These symptoms were as-
sessed daily using the Extrapyramidal Symptom Rating Scale (7),
a scale designed to detect drug-induced movement disorders.

PET Scans

[11C]Raclopride was administered as a bolus with constant
infusion, and PET scans were acquired using ECAT EXACT HR+
(Siemens/CTI, Knoxville, Tenn.) in a three-dimensional mode of
eight 5-minute-duration frames (obtained 40 to 80 minutes after
the initial [11C]raclopride bolus), as previously described (8). A
10-minute transmission scan was obtained prior to acquisition of
the emission data. All participants underwent two PET scans with
[11C]raclopride (one at baseline and one following AMPT admin-
istration). Four venous samples were analyzed to obtain the
plasma concentration of nonmetabolized [11C]raclopride (µCi/
ml), as described in a previous report (8). A plasma sample for

FIGURE 1. Percent Change in [11C]Raclopride Nondisplaceable Binding Potential for Cocaine-Dependent and Healthy Com-
parison Subjects Following AMPT Administrationa

a The percent change is significant in each region, with the exception of the posterior caudate.
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analysis of homovanillic acid levels was obtained for each scan 20
minutes prior to injection and assayed by gas chromatography as
previously described (4).

Receptor availability of D2/D3 was estimated for [11C]raclo-
pride nondisplaceable binding potential (BPND), which was de-
fined using the following equation (regional tissue distribution
volume=VT [ml/cm3]; region of interest=ROI; cerebellum=CER;
fND=free fraction in nonspecific distribution brain volume; Bmax

=

concentration of D2/D3 receptors [nmol per gram of tissue]; KD=
inverse of the affinity of the radiotracer for the receptor [see refer-
ence 9 for details]):

The cerebellum was used as the reference region. The regional
tissue distribution volume for the cerebellum was measured for
each condition in order to assess the effect of AMPT on nonspe-
cific binding between groups, as described elsewhere (8). The free
fraction of [11C]raclopride in the plasma was compared across
conditions and groups.

The percent occupancy of D2/D3
 receptors as a result of endog-

enous dopamine was calculated as the percent change in nondis-
placeable binding potential (%∆BPND), using the following equa-
tion:

Region of Interest Analysis

Image analysis was performed using MEDx (Sensor Systems,
Inc., Sterling, Va.). Each subject underwent magnetic resonance

imaging (MRI), acquired using a GE Signa EXCITE 3T/94-cm
scanner (GE Medical Systems, Milwaukee). Regions of interest
were drawn from each subject’s MRI, and both motion correction
and PET-MRI registration were performed as described elsewhere
(8, 9). The striatum was divided into the caudate, putamen, and
ventral striatum as described in a previous report (10). Briefly, the
ventral striatum was identified using set landmarks, and the cau-
date and putamen were further subdivided along their rostral-
caudal axes using the anterior commissure. The following regions
of interest were derived: ventral striatum, which includes the nu-
cleus accumbens and ventral portions of the caudate and puta-
men; precommissural dorsal caudate; precommissural dorsal
putamen; postcommissural caudate; and postcommissural puta-
men. This method of subdividing the striatum was developed to
reflect the functional input to the striatum in several ways. First,
the ventral striatum receives input from the limbic brain regions.
Second, the pre- and postcommissural caudate and precommis-
sural putamen largely receive input from the associative cortex.
Third, the postcommissural putamen is largely involved in sen-
sorimotor processing (see reference 10 for details). Activity from
the right and left regions were averaged together, and a weighted
average (weighted by subregion volume) was used to derive non-
displaceable binding potential for the striatum as a whole.

Statistical Analysis

Group demographic comparisons were performed with un-
paired t tests. Differences in [11C]raclopride nondisplaceable
binding potential and percent change in nondisplaceable binding
potential between cocaine-dependent and healthy comparison
subjects were analyzed using a repeated-measures analysis of
variance (ANOVA), with the region of interest as the repeated
measure and diagnostic group as the cofactor (SPSS Statistics,
Chicago). The Huynh-Feldt correction was used in the event of vi-
olations of sphericity assumptions.

TABLE 1. Parameters of [11C]Raclopride Scans at Baseline and Following AMPT Administration

Scan Parameter

Treatment Condition

Baseline AMPT

Healthy Comparison 
Subjects (N=15)

Cocaine-Dependent 
Subjects (N=15) Unpaired 

t test (p)

Healthy Comparison 
Subjects (N=15)

Cocaine-Dependent 
Subjects (N=15) Unpaired 

t test (p)Mean SD Mean SD Mean SD Mean SD
Injected dose (mCi) 8.0 1.0 8.0 1.4 0.97 7.5 1.2 8.1 0.8 0.10
Specific activity (Ci/mmol) 1,533 140 1,477 160 0.32 1,470 194 1,532 72 0.30
Regional tissue distribution vol-

ume of the cerebellum (ml/g) 0.37 0.12 0.36 0.19 0.90 0.37 0.16 0.35 0.20 0.82
Percent free fraction 4.0 0.5 4.2 0.8 0.50 4.5 0.6 4.4 1.5 0.82

TABLE 2. [11C]Raclopride Nondisplaceable Binding Potential at Baseline and Following AMPT Administration

Striatal Subdivision

Treatment Condition

Baseline AMPT

Healthy Comparison 
Subjects (N=15)

Cocaine-Dependent 
Subjects (N=15) Unpaired 

t test (p)

Healthy Comparison 
Subjects (N=15)

Cocaine-Dependent 
Subjects (N=15) Unpaired 

t test (p)Mean SD Mean SD Mean SD Mean SD
Ventral striatum 2.12 0.26 1.88 0.29 0.02 2.37 0.26 1.96 0.38 0.002
Precommissural 

dorsal caudate 2.25 0.16 2.01 0.34 0.02 2.49 0.19 2.11 0.40 0.002
Precommissural 

dorsal putamen 2.62 0.26 2.39 0.31 0.04 2.93 0.30 2.51 0.36 0.002
Postcommissural 

caudate 1.34 0.15 1.31 0.26 0.67 1.54 0.20 1.45 0.30 0.33
Postcommissural 

putamen 2.59 0.22 2.35 0.34 0.03 2.96 0.25 2.54 0.42 0.002
Striatum 2.30 0.18 2.08 0.28 0.01 2.59 0.20 2.22 0.35 0.001
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Results

The total dose of AMPT was 120.7 mg/kg (SD=9.2) for
the comparison group and 121.8 mg/kg (SD=5.4) for the
cocaine-dependent group (p=0.7). Using the Extrapyrami-
dal Symptom Rating Scale, we found that only three of the
15 cocaine-dependent subjects experienced extrapyrami-
dal symptoms relative to seven comparison subjects. All
extrapyramidal symptoms were experienced on day 2 of
AMPT administration (none were reported on day 1 of
AMPT administration) and included tremor, rigidity, and
akathisia.

PET Scan

PET scan parameters are shown in Table 1. No signifi-
cant difference was seen between groups or between con-
ditions for injected dose, specific activity, volume of distri-
bution of the cerebellum, or plasma free fraction of
[11C]raclopride. Homovanillic acid levels decreased in
both groups in response to AMPT (baseline condition:
healthy comparison subjects, 15.4 ng/ml [SD=2.1]; co-
caine-dependent subjects: 15.1 ng/ml [SD=5.0], p=0.8;
AMPT condition: healthy comparison subjects, 5.0 ng/ml
[SD=2.0]; cocaine-dependent subjects, 5.8 ng/ml [SD=
1.2], p=0.2). Thus, the percent of decrease in homovanillic
acid was 65.2% (SD=8%) in comparison subjects and
65.5% (SD=15%) in cocaine-dependent subjects (p=0.5).
The volumes of the regions of interest did not differ be-
tween the two groups (all p values >0.4).

In the baseline condition (pre-AMPT administration),
cocaine-dependent subjects exhibited significantly lower
[11C]raclopride nondisplaceable binding potential relative
to comparison subjects (repeated-measures ANOVA: re-
gion factor, p<0.001; group factor, p=0.02; group-by-region
interaction: p=0.04), as shown in Table 2. Similarly, in the
AMPT condition, cocaine-dependent subjects had lower
nondisplaceable binding potential relative to comparison
subjects (repeated-measures ANOVA: region factor,
p<0.001; group factor, p=0.002; group-by-region interac-
tion, p=0.001), also shown in Table 2. Examination of the
individual regions showed a significant decrease in non-
displaceable binding potential in cocaine-dependent sub-
jects in each region (for both conditions), with the excep-
tion of the posterior caudate. Notably, cocaine-dependent
subjects exhibited a greater decrease in D2/D3  receptor

nondisplaceable binding potential following AMPT ad-
ministration relative to comparison subjects.

Cocaine dependence was associated with less change in
D2/D3 receptors (percent change in nondisplaceable
binding potential) following AMPT administration, as
shown in Table 3 (repeated-measures ANOVA: region fac-
tor, p=0.1; group factor, p=0.006; group-by-region interac-
tion, p=0.5). This percent change in nondisplaceable
binding potential was significant in each region, with the
exception of the posterior caudate (Figure 1).

A significant correlation was seen between the amount
of reported cocaine use and D2/D3 receptor nondisplace-
able binding potential in the striatum for both the baseline
(r=0.64, p=0.01 [Figure 2]) and AMPT (r=0.54, p=0.04) con-
ditions. No relationship was seen between percent change
in nondisplaceable binding potential and cocaine use, and
no relationship was seen between striatal nondisplaceable
binding potential and years of cocaine use.

A post hoc comparison of the comparison subjects who
experienced extrapyramidal symptoms versus those who
did not showed no significant difference in percent
change in nondisplaceable binding potential or percent
change in plasma homovanillic acid between the two
groups of comparison subjects, but this analysis was lim-
ited by the small number of subjects per group.

Discussion

The results of the present study demonstrate that co-
caine-dependent subjects have lower levels of endoge-
nous dopamine relative to healthy comparison subjects.
Thus, the decrease in baseline D2/D3 receptor binding po-
tential (nondisplaceable binding potential) seen in the co-
caine-dependent subjects cannot be attributed to differ-
ences in the percentage of D2/D3 receptors occupied by
dopamine, and the endogenous dopamine levels may
have masked even greater differences between cocaine-
dependent and healthy comparison subjects than those
differences observed previously.

We assumed that the AMPT-induced increase in D2/D3

receptor binding potential resulted from a reduction in
the percentage of receptors bound to endogenous dopa-
mine rather than upregulation of D2/D3 receptors in the
setting of dopamine depletion. This assumption was
based on previous studies of rodents (3, 11, 12), which

TABLE 3. Estimated Occupancy of D2/D3 Receptors Measured as AMPT-Induced Change in [11C]Raclopride Nondisplaceable
Binding Potential

Striatal Subdivision

Increase in Nondisplaceable Binding Potential (%)

Healthy Comparison Subjects (N=15) Cocaine-Dependent Subjects (N=15)

Unpaired t test (p)Mean SD Mean SD
Ventral striatum 10.6 6.5 3.4 7.4 0.007
Precommissural dorsal caudate 9.8 4.7 4.0 9.7 0.04
Precommissural dorsal putamen 10.5 4.8 4.7 7.6 0.02
Postcommissural caudate 12.2 9.4 9.0 10.3 0.43
Postcommissural putamen 12.3 5.4 6.7 6.1 0.01
Striatum 11.1 4.4 5.7 5.9 0.009
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showed that acute dopamine depletion with reserpine, 6-
hydroxydopamine, or AMPT did not produce D2/D3 recep-
tor upregulation in the short-term. Notably, the investiga-
tors using AMPT (3) designed their experiment in rodents
to emulate their analysis of human subjects, and high-
dose AMPT (400 mg/kg per day) was administered in the
rodents for the same time period used for the human sub-
jects. Compared with saline-treated animals, no differ-
ence was seen in D2/D3 receptor Bmax, indicating that re-
ceptor upregulation did not occur. However, based on the
literature published to date, it is unknown if there are dif-
ferences in receptor externalization between humans and
rodents. In addition, although this dosing regimen is ex-
pected to result in a 70%–80% depletion of striatal dopa-
mine (4), the exact degree of depletion is not known in the
absence of animal studies.

The lower levels of endogenous dopamine seen in the
present study are consistent with some, although not all,
preclinical studies of rodents. Previous studies (13–29)
have shown either no change or a decrease in the levels of
endogenous dopamine in rodents following chronic expo-
sure to cocaine. As outlined in Table 4, these studies are al-
most evenly split between those showing a decrease in
baseline levels of dopamine in cocaine-treated rats rela-
tive to comparison rats and those showing no difference in
this measure. The methods between these studies vary in
terms of the amount of cocaine administered, method of
cocaine administration (self-administered, investigator-
administered, or yoked-administered), and duration of
cocaine administration. In general, the studies showing a
decrease in endogenous dopamine used a higher dose of
cocaine for longer periods of time. In addition, more of
these studies used cocaine self-administration, which
may be a more accurate reflection of the pattern of co-
caine use in humans.

In the present study, cocaine dependence was associ-
ated with a lower AMPT-induced change in [11C]raclo-
pride binding in the striatum, measured as a whole, and in
each of the striatal subdivisions, with the exception of the

posterior caudate. There was no significant difference in
the baseline measures of D2/D3 receptor binding potential
in this brain region between cocaine-dependent and com-
parison subjects. This finding is consistent with our previ-
ous study (2), which also showed no difference in baseline
measures of D2/D3 receptor binding potential in the pos-
terior caudate in a separate cohort of cocaine-dependent
and comparison subjects. Together, these data suggest
that the posterior caudate is spared in cocaine depen-
dence, both in terms of baseline D2/D3 receptor binding
potential and levels of endogenous dopamine, although
the rationale for this is not clear. The caudate posterior to
the anterior commissure has been rarely investigated in
animal studies, and thus it is unknown if there is some in-
herent difference in this brain region that would cause it to
be spared. Moreover, to our knowledge, no other imaging
investigator group has compared D2/D3 receptor binding
potential between cocaine-dependent and comparison
subjects in this brain region, and it will be important for
this finding to be replicated.

Although, to the best of our knowledge, this is the first
report to measure levels of endogenous dopamine in co-
caine-dependent subjects, several previous studies have
used PET or SPECT and AMPT to estimate endogenous
dopamine levels in healthy comparison subjects. Laruelle
et al. (3) used [123I]iodobenzamide and AMPT (8 g over a
48-hour period), which produced a 28% (SD=16%) in-
crease in binding potential and a 70% (SD=12%) decrease
in homovanillic acid levels in nine healthy subjects. Abi-
Dargham et al. (4) used this same method to assess the oc-
cupancy of D2/D3 receptors by endogenous dopamine in
schizophrenia patients relative to healthy comparison
subjects. AMPT-induced dopamine depletion significantly
increased D2/D3 receptor availability by 19% (SD=11%) in
patients with schizophrenia relative to 9% (SD=7%) in
healthy comparison subjects. Verhoeff et al. (5, 6) con-
ducted two studies using [11C]raclopride to measure levels
of endogenous dopamine in healthy comparison subjects.
The first study reported that AMPT (4.5 g over a 25-hour

TABLE 4. Previously Reported Levels of Baseline Dopamine in Cocaine-Treated Rodents

Study Brain Tissue Treatment Administration
Wilson et al. (13) Striatum Average use: 9.25 mg/kg in divided doses for at least 28 days (self-administered)
Akimoto et al. (14) Striatum 20 mg/kg per day for 14 days (investigator-administered)
Segal and Kuczenski (15) Caudate, nucleus accumbens 10 mg/kg per day for 4 days (investigator-administered)
Kalivas and Duffy (16) Striatum 15 mg/kg per day for 4 days (investigator-administered)
Kalivas and Duffy (17) Nucleus accumbens 15 or 30 mg/kg per day for 7 days (investigator-administered)
Parsons et al. (18) Nucleus accumbens 20 mg/kg per day for 10 days (investigator-administered)
Chefer and Shippenberg (19) Nucleus accumbens 20 mg/kg per day for 5 days (investigator-administered)
Zapata et al. (20) Nucleus accumbens 0.5 mg/kg infusion for 90 minutes per 5 days (yoked- and self-administered)
Zhang et al. (21) Nucleus accumbens, caudate 10 mg/kg per day for 7 days (investigator-administered)
Wilson et al. (22) Nucleus accumbens Average use: 90 mg/kg in divided doses for at least 21 days (self-administered)
Pettit et al. (23) Nucleus accumbens 10 mg/kg per day for 5 days; 20 mg/kg per day for 25 days (investigator-administered)
Mateo et al. (24) Nucleus accumbens Following a fixed ratio schedule for 5 days; four discrete trials; 24 hours/day for 10 

days (self-administered; average cocaine use: 750–800 mg/kg in 10 days)
Gerrits et al. (25) Nucleus accumbens 30 µg infusion per 3 hours or maximum of 60 infusions per 5 days (self-administered)
Maisonnueve et al. (26) Striatum (ventral and dorsal) 3 x 10–15 mg/kg for 13 days (investigator-administered)
Weiss et al. (27) Nucleus accumbens Unlimited access intravenous doses (self-administered)
Rossetti et al. (28) Ventral striatum 15 mg/kg per 2 days for 15 days (investigator-administered)
Robertson et al. (29) Ventral striatum 30 mg/kg per day for 18 days (investigator-administered)
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period) increased [11C]raclopride binding by 18.5% (SD=
3.0%) in the striatum and produced a 71% (SD=11%) de-
crease in plasma homovanillic acid levels in six healthy
comparison subjects (5). In their second study, six com-
parison subjects were imaged with [11C]raclopride, and
AMPT administration (5.35 g over a 29-hour period) re-
sulted in a significant increase in binding potential (13.3%
[SD=5.9%]) in the striatum and decreased homovanillic
acid levels (62% [SD=17%]) (6).

As a result of limited scanner resolution, these previous
studies imaged the striatum as a whole and could not sep-
arate the signal among the caudate, putamen, and ventral
striatum. More recently, studies using the PET radiotracer
[18F]fallypride, which also labels the D2/D3 receptor, and
AMPT have measured endogenous dopamine in the sub-
divisions of the striatum using a high-resolution PET scan-
ner. Riccardi et al. (30) reported that AMPT (71.4 mg/kg)
increased binding potential by 8.8% in the caudate, 11.2%
in the putamen, and 10.6% in the ventral striatum in
healthy subjects. However, a subsequent study (31)
showed no effect of a lower dose of AMPT (3 g/70 kg per
day for 44 hours) on [18F]fallypride binding in healthy
comparison subjects.

Thus, our results in healthy comparison subjects are
comparable with those previously reported in the litera-
ture, which demonstrate that approximately 10%–20% of
D2/D3 receptors are occupied by endogenous dopamine.
In addition, we observed no difference among the subdivi-
sions with respect to the percent of D2/D3 receptors occu-
pied by endogenous dopamine in either cocaine-depen-
dent subjects or healthy comparison subjects. This finding
in the healthy comparison group is consistent with that of
Riccardi et al. (30), who did not report a difference in the
percent of occupied D2/D3 receptors among the caudate,
putamen, and ventral striatum in healthy subjects. How-
ever, Kegeles et al. (32) recently reported that, in schizo-
phrenia, the percent of AMPT-induced increase in
[11C]raclopride differed among the striatal subregions and
was higher in the anterior caudate compared with the
other subdivisions. In the present study, we observed no
difference in the AMPT-induced change in [11C]raclopride
binding among the striatal subregions in the cocaine-de-
pendent subjects, suggesting that the levels of endogenous
dopamine are fairly uniform throughout the striatum.

It is important to note that previous studies of cocaine
dependence have also shown a reduction in presynaptic
dopamine release in response to a psychostimulant, mea-
sured as a decrease in [11C]raclopride binding (1, 33). The
increase in synaptic dopamine following psychostimulant
administration results in a decrease in [11C]raclopride
binding, presumably as a result of competition between
dopamine and the radiotracer for the receptors, although
the mechanism is likely more complex than competition
alone (34, 35). In cocaine-dependent subjects, there is a
blunting of psychostimulant-induced radiotracer dis-
placement relative to comparison subjects, which is gen-

erally interpreted as a reduction in presynaptic dopamine
release. However, it is possible that an increase in the per-
cent of D2/D3 receptors occupied by dopamine could pro-
duce a blunting of psychostimulant-induced radiotracer
displacement. If more receptors are occupied by dopa-
mine in the baseline condition, then fewer receptors
would be available to bind to the surge of dopamine pro-
duced by the stimulant challenge. In this scenario, it is
possible that cocaine dependence is associated with nor-
mal or even elevated presynaptic dopamine release (sensi-
tization), but this phenomenon is masked by a high per-
centage of D2/D3 receptors occupied by dopamine.
However, the results of the present study suggest that the
blunted stimulant-induced [11C]raclopride displacement
cannot be ascribed to the percent of D2/D3 receptors oc-
cupied by endogenous dopamine. Although there may still
be other issues that affect this measure of synaptic dopa-
mine (36), our study demonstrates that an excess of base-
line dopamine in cocaine-dependent volunteers is not
likely a factor.

Interestingly, only three cocaine-dependent subjects in
the present study experienced extrapyramidal symptoms,
measured with the Extrapyramidal Symptom Rating Scale,
relative to seven healthy comparison subjects. This was
unexpected, given that previous studies (37–39) have sug-
gested that cocaine abuse increases the risk of extrapyra-
midal side effects in patients treated with high-potency
neuroleptics. However, the cocaine-dependent subjects
exhibited less change in endogenous dopamine following
AMPT administration, which suggests that the relative
change in endogenous dopamine, rather than the abso-

FIGURE 2. Correlation Between Basel ine Values of
[11C]Raclopride Nondisplaceable Binding Potential and the
Amount of Cocaine Use (money spent per week) in Co-
caine-Dependent Subjectsa

a r=0.64, p=0.01.
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lute levels, may contribute to the development of extrapy-
ramidal symptoms.

In summary, the results of the present study indicate
that cocaine dependence is associated with a decrease in
the levels of striatal dopamine. Taken in the context of pre-
vious studies, these results contribute to a series of find-
ings that provide consistent evidence that cocaine depen-
dence is associated with a decrease in dopamine
transmission in the striatum. Imaging studies have shown
that cocaine dependence is associated with a reduction in
D2/D3 receptors, stimulant-induced presynaptic dopa-
mine release, reduced striatal dopamine synthesis, and—
now—a reduction in endogenous dopamine (1, 2, 33, 40).
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