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Objective: Dopamine is an important
mediator of the reinforcing effects of co-
caine, and alterations in dopamine func-
tion might be involved in cocaine depen-
dence. The goals of the present study
were to characterize pre- and postsynap-
tic dopamine function in recently detoxi-
fied cocaine-dependent subjects. Specifi-
cally, dopamine response to an acute
amphetamine challenge was assessed in
striatal subregions in cocaine-dependent
and healthy comparison participants us-
ing positron emission tomography (PET).
Furthermore, the relationship between
this dopamine response and the choice to
self-administer cocaine in a laboratory
model of relapse was investigated.

Method: Twenty-four cocaine-depen-
dent participants and 24 matched
healthy subjects underwent [''CJraclo-
pride scans under a baseline condition
and following intravenous amphetamine
administration (0.3 mg/kg). Cocaine-de-

pendent participants also completed co-
caine self-administration sessions in
which a priming dose of cocaine was fol-
lowed by the choice to either self-admin-
ister subsequent cocaine doses or receive
a monetary reward.

Results: Cocaine dependence was associ-
ated with a marked reduction in amphet-
amine-induced dopamine release in each
of the functional subregions of the stria-
tum (limbic striatum: -1.2% in cocaine-
dependent participants versus -12.4% in
healthy subjects; associative striatum:
-2.6% versus —6.7%, respectively; sen-
sorimotor striatum: —4.3% versus —14.1%).
Blunted dopamine transmission in the
ventral striatum and anterior caudate was
predictive of the choice for cocaine over
money.

Conclusions: Cocaine dependence is as-
sociated with impairment of dopamine
function, and this impairment appears to
play a critical role in relapse.

(Am ] Psychiatry 2007; 164:622-629)

Peclinical models of cocaine dependence have shown
that maladaptive changes in dopamine transmission of
the striatum play a critical role in this disorder. However,
the significance of these changes has yet to be fully under-
stood in humans. Positron emission tomography (PET)
and the dopamine type 2 and 3 receptor (Dy/3) radiola-
beled antagonist [!'C]raclopride can be used to measure
changes in extracellular dopamine in the human brain.
The administration of a psychostimulant is associated
with an increase in endogenous dopamine and a reduc-
tion in the binding of [''C]raclopride. Thus the compari-
son of pre- and postamphetamine scans provides a mea-
sure of in vivo dopamine release (1).

A previous study by Volkow et al. (2) performed in hu-
man cocaine-dependent volunteers demonstrated a re-
duction in methylphenidate-induced dopamine release in
the striatum, consistent with a loss of presynaptic dopa-
mine function. This study was performed measuring the
striatum as a whole, so the first goal of the present study
was to replicate this finding with a high-resolution PET

camera that allows investigation of dopamine transmis-
sion in limbic, associative, and sensorimotor subdivisions
of the striatum.

The clinical significance of this deficit of dopamine
transmission was also investigated using a behavioral
model of relapse. In animals, a response-independent
(“priming”) dose of cocaine has been shown to reinstate
cocaine self-administration (3-5). Using a similar labora-
tory model, we can investigate the effect of a priming dose
of cocaine on the choice to self-administer cocaine in hu-
man participants (6, 7). Thus, the second goal of this study
was to investigate the association between deficits in pre-
synaptic dopamine and the choice for cocaine in this
model of relapse.

The hypotheses of this study were 1) cocaine depen-
dence would be associated with a reduction in amphet-
amine-induced dopamine release across the subdivisions
of the striatum, and the decrease would be most pro-
nounced in the limbic striatum, and 2) the loss of amphet-
amine-induced dopamine release in the limbic striatum
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would be associated with the choice to self-administer
cocaine.

Method

The study was approved by the institutional review board of the
New York State Psychiatric Institute. All participants provided
written informed consent. The cocaine-dependent participants
fulfilled DSM-1V criteria for cocaine dependence with no other
axis I diagnosis. Cocaine-dependent participants were not treat-
ment seeking and were admitted to the Irving Center for Clinical
Research. PET scans were performed after a minimum of 14 days
of abstinence and cocaine self-administration sessions occurred
after the PET scans. Healthy comparison participants had no
DSM-1V axis I disorder and participated as outpatients. Nicotine
dependence was acceptable for both groups.

PET Scan Analysis

['!C]Raclopride was administered as a bolus with constant in-
fusion, and the PET scans were acquired on the ECAT EXACT HR+
(Siemens/CTI, Knoxville, Tenn.) in 3-dimensional mode as eight
frames of 5 minutes each (obtained from 40-80 minutes) as previ-
ously described (8). All participants underwent two scans with
['IClraclopride: baseline and following intravenous administra-
tion of amphetamine (0.3 mg/kg). An MRI (GE 1.5-T Signa Hori-
zon) was acquired for each participant for identification of the re-
gions of interest (8). Four venous samples were analyzed to obtain
the plasma concentration of unmetabolized ['!C]raclopride (Ci/
ml) as previously described (8). ['!C]Raclopride clearance (liters/
hour), free fraction (f;), and plasma amphetamine levels were
measured as previously described (9, 10).

Following amphetamine administration, vital signs were ac-
quired at baseline and at regular intervals as previously described
(11). The area under the curve of the change from baseline was
calculated for systolic blood pressure, diastolic blood pressure,
and heart rate. The subjective response to amphetamine was
evaluated using a simplified version of the Amphetamine Inter-
view Rating Scale, in which euphoria, energy, restlessness, and
anxiety were rated on a scale of 1 (least) to 10 (most) as previously
described (11).

PET Outcome Measures

Dy/3 receptor availability was estimated for the pre- and post-
amphetamine scans using two outcome measures: [''C]raclo-
pride binding potential (ml/g), defined as:

Buax
BP = Vrror=Vy cpp= fi* Ky

and the specific-to-nonspecific partition coefficient (V3”, unit-

less), defined as:

B
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where Vr is the tissue distribution volume for the regions of
interest (Vt ror) and cerebellum (Vr cgr), f2 is the free fraction in
the nonspecific distribution volume, B,y is the concentration of
Dy/3 receptors, and K'p is the in vivo equilibrium dissociation
constant of the radiotracer in the presence of dopamine (12).

The reduction in Dy receptor availability following amphet-
amine (AV3”) was calculated as:

AVy”= (V3" baseline— V3"’ postamphetamine)/V; baseline
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Region of Interest Analysis

Image analysis was performed in MEDx (Sensor Systems, Inc.,
Sterling, Va.). The regions of interest were drawn on each subject’s
MRI, and PET-to-MRI registration was performed as previously
described (8). The striatum was divided as previously described
(11) into the caudate, putamen, and ventral striatum. The cau-
date and putamen were further subdivided along their rostral-
caudal axis using the anterior commissure to derive the following
regions of interest: 1) precommissural dorsal caudate, 2) precom-
missural dorsal putamen, 3) the postcommissural caudate, and 4)
the postcommissural putamen. These regions of interest were
then classified into the three following functional subdivisions: 1)
the limbic striatum, which receives input from limbic structures
and includes the nucleus accumbens (also referred to as the ven-
tral striatum); 2) the associative striatum, which is largely involved
in cognition and includes the precommissural dorsal caudate,
precommissural dorsal putamen, and postcommissural caudate;
and 3) the sensorimotor striatum, which mostly receives input
from motor and premotor areas and includes the postcommis-
sural putamen.

The outcome measures for the associative striatum were calcu-
lated from the weighted average of the precommissural dorsal
caudate, postcommissural caudate, and precommissural dorsal
putamen, while the outcome measures for the striatum were cal-
culated as the weighted average of all five regions of interest. Be-
cause of limitations in PET camera resolution, the activity mea-
sured in a given region of interest includes activity from adjacent
regions, which result in error due to partial volume effects. In or-
der to address this error, partial volume effect correction was per-
formed as described previously (13) and in the data supplement
that accompanies the online version of this article.

Voxel-Wise Analysis

V3” images were formed from the MRI-coregistered PET data
and derived from the equation: (mean PET voxel value over scan-
ning period/mean cerebellum activity over scanning period) — 1.
The individual MRI images were normalized to the MNI TI tem-
plate with nonlinear warping using Statistical Parametric Map-
ping 1999 (SPM99) (14). The transformation parameters were
then applied to the V3” images (pre- and postamphetamine) to
obtain a set of spatially normalized V3” images. AV3” images were
then formed as 1 - (amphetamine condition/control condition).
Prior to the statistical analysis, data were smoothed with a 6-mm
isotropic Gaussian kernel.

Self-Administration Sessions

The cocaine-dependent participants completed two types of
cocaine self-administration sessions: sample sessions and
choice sessions. In the sample sessions, the participants self-ad-
ministered a single dose of smoked cocaine (three sessions of 0,
6, or 12 mg of cocaine) and were asked to rate the subjective ef-
fects as previously described (15). Visual analogue scales were
used to measure the subjective effects of “good drug effect,”
“high,” and “stimulated” which were grouped into the positive
effects cluster (6).

Each cocaine-dependent participant also underwent three co-
caine self-administration sessions with 0 mg, 6 mg, and 12 mg
doses, as previously described (6, 7). Each session began with a
response-independent or “priming” dose of cocaine. Following
this dose, participants were given five choices between smoking
the same dose of cocaine or receiving a $5.00 merchandise
voucher redeemable at local stores and paid upon discharge. The
outcome measure for the choice sessions was the number of
times a dose of cocaine was chosen over the voucher (range from
0to5).
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TABLE 1. PET Scan Parameters

Baseline Scan

Amphetamine Scan

Healthy Subjects

Cocaine-Dependent

Cocaine-Dependent

Participants Healthy Subjects Participants

Parameter Mean SD Mean SD Mean SD Mean SD
Injected dose (mCi) 13.6 35 12.8 39 12.4 3.4 12.8 3.6
Specific activity (Ci/mmol) 1549 701 1579 924 1473 653 1528 630
Clearance (liter/hour) 121 34 12.8 23 11.7 33 12.2 23
Plasma free fraction (f1, %) 3.8 0.8 3.5 0.6 3.6 0.9 0.35 0.05
Tissue distribution volume, cerebellum (ml/g) 0.39 0.07 0.39 0.04 0.36 0.07 0.37 0.05
Cerebellum free fraction (f2, %) 10.0 23 8.9 1.6 10.1 29 9.3 1.4
Amphetamine level (ng/ml) 49.9 13.6 47.5 15.8

Statistical Analysis

Group demographic comparisons were performed with
unpaired t tests. Group differences in pre- and postamphetamine
Dy 3 receptor availability as well as differences in reduction in
D33 receptor availability following amphetamine were analyzed
with a repeated measures ANOVA, with the region of interest as
the repeated measure and diagnostic group as the cofactor. The
use of binding potential for between-group comparisons as-
sumes that f; is not significantly different between groups,
whereas the use of V3” assumes that f, is not significantly different
between groups (12). For the between-group analyses, f;, binding
potential, and V3" were measured to assess the validity of these
assumptions. For the within-subject analysis, V3" provides a more
robust outcome measure (16), so AV3” was chosen a priori to as-
sess the amphetamine-induced reduction in D3 receptor avail-
ability. For voxelwise analysis, the analysis was restricted to voxels
in which V3” > 1 in the baseline condition. Multiple comparison
corrections were performed according to the Gaussian random
field model employed in the SPM99 software.

Results

Twenty-four cocaine-dependent subjects (19 men and
five women, mean age=39 years [SD=3]) and 24 healthy
comparison subjects (19 men and five women, mean age=
38 years [SD=5]) were enrolled in this study. Seventeen of
the subjects from each group were included in a previous
study that included only the baseline scan with ['!C]raclo-
pride (7). Subjects were matched for ethnicity (healthy
group: African-American [N=12], Caucasian [N=7], His-
panic [N=5]; cocaine-dependent group: African-American
[N=16], Caucasian [N=4], Hispanic [N=4]) and cigarette
smoking (the comparison group smoked on average 12
cigarettes/day [SD=6] and included six nonsmokers and
three ex-smokers; the cocaine-dependent group smoked
on average 11 cigarettes/day [SD=4] and included four
nonsmokers and three ex-smokers). The cocaine-depen-
dent subjects reported smoking crack cocaine an average
of 16.1 years (SD=4.4) and were spending $280 weekly
(SD=108).

PET Scan Parameters

Table 1 shows the ['!C]raclopride scan parameters for
the two groups. The volumes of the regions of interest did
not differ between the two groups (all p>0.20). Although
there was no significant difference for cerebellar tissue
distribution volume between the two groups before or af-
ter amphetamine, there was a small but significant de-
624
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crease after amphetamine when the data for the two
groups was pooled (p<0.001, paired t test) with no signifi-
cant difference in f; (p=0.53).

Baseline D>/3 Receptor Availability

Repeated-measures ANOVA revealed that cocaine de-
pendence was associated with significantly lower baseline
[ICJraclopride binding potential (region factor: p<0.001;
group factor: p=0.014; group-by-region interaction: p=
0.009) and V3” (region factor: p<0.001; group factor: p=
0.001; group-by-region interaction: p=0.0015), as shown in
Table 2. These decreases in baseline binding potential and
V3” were similar for each of the regions of interest except
for the postcommissural caudate. Data corrected for the
partial volume effects provided the same results and are
presented in the supplement that accompanies the online
version of this article.

Amphetamine-Induced Reduction in D3/3
Receptor Availability

Repeated-measures ANOVA revealed that cocaine de-
pendence was associated with a blunted effect of amphet-
amine on [!!C]raclopride V3" (region factor: p<0.0001;
group factor: p=0.0009; group-by-region interaction:
p<0.0001 [Table 3]). In the caudate, AV3” was reduced in
the cocaine-dependent participants relative to the com-
parison subjects, but this difference did not reach signifi-
cance in either the precommissural dorsal caudate or
postcommissural caudate. Similar results were seen fol-
lowing correction for partial volume effects (supplemental
data). Post hoc examination showed that dopamine re-
lease was blunted to a greater degree in the limbic stria-
tum in cocaine-dependent relative to healthy subjects
compared with each of the regions of the associative stria-
tum (all p<0.04), but that there was no difference between
the ventral striatum and posterior putamen (p=0.20).

Cocaine dependence was associated with a lower sub-
jective rating of euphoria in response to amphetamine rel-
ative to healthy subjects (1.7 [SD=60.5] versus 38.1 [SD=
63.8], respectively; p<0.04), with no between-group differ-
ences in restlessness, anxiety, or energy. No association
was seen between AV3” and the subjective effects of am-
phetamine for both the healthy controls and cocaine de-
pendent subjects. As shown in Table 4, no difference in
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TABLE 2. Dopamine Dy/3 Receptor Availability in Healthy Subjects and Cocaine-Dependent Participants Before Intravenous

Administration of Amphetamine

Availability Outcome Measure

["'CJRaclopride Binding Potential (ml/g)

Specific-to-Nonspecific Partition
Coefficient (V3”, unitless)

Cocaine-Depen-
dent Participants

Healthy Subjects

Cocaine-Depen-

Healthy Subjects dent Participants

(N=24) (N=24) (N=24) (N=24)

Functional and Anatomical Subdivision Mean SD Mean SD p? Mean SD Mean SD p?
Limbic striatum (ventral striatum) 0.80 0.18 0.70 0.12 0.02 2.06 0.30 1.79 0.26 0.002
Associative striatum 0.97 0.21 0.85 0.10 0.02 2.49 0.27 2.19 0.19 < 0.001

Precommissural dorsal caudate 0.93 0.21 0.82 0.10 0.03 2.38 0.28 2.12 0.20 0.001

Precommissural dorsal putamen 1.15 0.25 0.99 0.13 0.01 2.95 0.33 2.55 0.24 < 0.001

Postcommissural caudate 0.67 0.17 0.61 0.10 0.13 1.73 0.31 1.58 0.25 0.07
Sensorimotor striatum: postcommissural

putamen 1.15 0.24 1.00 0.13 0.01 2.96 0.36 2.57 0.29 < 0.001
Striatum 1.0 0.21 0.88 0.11 0.02 2.57 0.28 2.26 0.20 < 0.001
4 Unpaired t test.
TABLE 3. Amphetamine-Induced Change in [''C]Raclopride V3 (AV3")

Cocaine-Dependent
Healthy Subjects (N=24) Participants (N=24) Group
Mean Change Mean Change Difference

Functional and Anatomical Subdivision (%) SD (%) SD (%) p?
Limbic striatum (ventral striatum) -12.4 9.0 -1.2 7.3 11.2 < 0.001
Associative striatum -6.7 5.7 2.6 6.6 4.1 0.03

Precommissural dorsal caudate -4.6 6.2 -2.8 7.8 1.8 0.39

Precommissural dorsal putamen -8.7 7.0 -1.0 6.5 7.7 < 0.001

Postcommissural caudate -6.9 7.8 -6.3 10.7 0.6 0.82
Sensorimotor striatum: postcommissural putamen -14.1 7.8 4.3 7.5 9.8 < 0.001
Striatum -9.5 5.9 -3.0 6.5 6.5 0.001

2 Unpaired t test.

amphetamine-induced changes in vital signs was seen be-
tween the two groups.

Self-Administration Session Results

All participants completed the sample sessions, but
only 23 of the 24 cocaine-dependent participants com-
pleted the choice sessions. In the sample sessions, the area
under the curve of the positive effects cluster of the 12-mg
dose (323 [SD=633]) was higher than that of the 0-mg dose
(140 [SD=449]) and 6-mg dose (155 [SD=427]) (p<0.05 for
both comparisons). The 6-mg dose did not differ signifi-
cantly from the 0-mg dose, so the positive effects of the 12-
mg dose were selected for comparison with the scan data.

In the choice sessions, the 0-mg dose was chosen an av-
erage of 0.35 times (SD=1.07) out of a possible five choices,
the 6-mg dose was chosen 1.65 times (SD=1.67), and the
12-mg dose was chosen 3.26 times (SD=1.63). Low doses of
cocaine were used to ensure enough variability between
participants to allow comparison with the [''C]raclopride
data. The coefficient of variation was greater for the 6-mg
dose than the 12-mg dose (1.01 versus 0.50, respectively),
so the 6-mg dose was chosen a priori for comparison with
the PET data.

Relationship Between PET Data and Cocaine
Self-Administration

No significant relationship was observed between base-
line V3” and either the positive effects of 12 mg cocaine or
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the choice for 6 mg cocaine with either the voxel-wise
analysis or the region-of-interest analysis (all p>0.12).

In the voxel-wise analysis, no significant clusters were
seen for the correlation between AVs” and the positive ef-
fects of 12 mg cocaine. However, bilateral clusters were
observed in the ventral striatum where the relationship
between AV3” and the choice for the 6-mg dose were sig-
nificant (p=0.001, cluster level analysis, left and right) as
shown in Figure 1. The MNI coordinates of the peak t
values in these clusters were (-14, 10, —6) (right) and (18, 8,
-8) (left), which translate to Talairach coordinates (-13.9,
9.4,-5.5) and (17.8, 7.4, -7.1) respectively, and correspond
to the location of the ventral striatum (nucleus accum-
bens, ventral putamen, and ventral caudate) in the brain
atlas of Talairach and Tournoux (17). No significant clus-
ters were seen outside the ventral striatum.

In the region-of-interest analysis, no significant relation-
ship was observed between AV3” and the positive effects of
12 mg cocaine (all p>0.15). A significant negative relation-
ship was observed between AV3” and the choice for 6 mg
cocaine in the ventral striatum (r=-0.55, p=0.007), post-
commissural putamen (r=-0.45, p=0.03), and precommis-
sural dorsal caudate (r=—0.54, p=0.007). After correction for
multiple comparisons, only the correlation seen in the
ventral striatum and precommissural dorsal caudate was
significant. Similar results were seen for the association be-
tween AV3” and the 12-mg dose choice (ventral striatum: r=
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TABLE 4. Comparison of the Effects of Amphetamine on
Vital Signs?

Cocaine-
Healthy Subjects Dependent
(N=24) Participants (N=24)
Vital Sign Mean SD Mean SD
Systolic blood pressure
Mean baseline (mm Hg)  119.5 12.2 118.8 11.9
Average peak (mm Hg) 180.8 18.3 178.5 17.0
Average time of peak
(min) 7.4 7.4 5.7 4.9
Area under the curve
(mm Hg*min) 2630 808 2361 995
Diastolic blood pressure
Mean baseline (mm Hg) 713 9.4 73.0 9.8
Average peak (mm Hg) 102.5 9.7 103.3 11.0
Average time of peak
(min) 7.9 11.2 7.2 8.9
Area under the curve
(mm Hg*min) 1105 617 1018 729
Heart rate
Mean baseline (mm Hg) 64.1 8.7 62.4 8.5
Average peak (mm Hg) 81.4 14.6 81.6 12.3
Average time of peak
(min) 18.9 19.0 15.5 17.8
Area under the curve
(mm Hg*min) 172 738 193 786

2 No significant between-group differences.

—0.44, p=0.03; precommissural dorsal putamen: r=-0.41,
p=0.05; postcommissural putamen: r=—0.43, p=0.04; pre-
commissural dorsal caudate: r=—0.40, p=0.06; postcom-
missural caudate: r=-0.25, p=0.25).

Discussion

The results of this study demonstrate that cocaine de-
pendence is associated with a reduction in Dy,3 receptor
availability and a decrease in amphetamine-induced
dopamine release in the ventral striatum and putamen. In
the cocaine-dependent volunteers, the decrease in am-
phetamine-induced dopamine release correlated with the
choice for cocaine in the self-administration sessions, such
that participants with the greater impairment in presynap-
tic dopamine in the anterior caudate and ventral striatum
were the more likely to choose cocaine over an alternative
reinforcer. Insofar as the self-administration sessions pro-
vide a valid predictor of relapse, these findings suggest that
impairment in presynaptic dopamine function plays a crit-
ical role in maintaining the habitual, maladaptive patterns
of behavior that are indicative of addiction.

Baseline D>/3 Receptor Availability

In this expanded dataset, we observed our previously re-
ported finding that cocaine dependence is associated with
reduction in Dy;3 receptor availability (7), which is in
agreement with the previous studies of Volkow et al. (2,
18). Although V3” was decreased in the caudate posterior
to the anterior commissure (postcommissural caudate) of
the cocaine-dependent participants compared with the
healthy subjects, this difference did not reach significance
even after correction for partial volume effects, presum-
626
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ably because of the noise associated with this narrow re-
gion. We also replicated our previous finding showing that
baseline D, receptor availability was not predictive of the
choice to self-administer cocaine over an alternative rein-
forcer (7).

Dopamine Presynaptic Transmission

In contrast to the modest magnitude of the decrease in
D, /3 receptor availability, the deficit in presynaptic
dopamine function in the cocaine-dependent partici-
pants was severe. Relative to healthy subjects, cocaine-de-
pendent participants showed a 90%, 61%, and 70% reduc-
tion in AV3” in limbic, associative, and sensorimotor
regions, respectively. This reduction was significantly
greater in the limbic striatum than in the associative stria-
tum, but not significantly different from the sensorimotor
striatum. In other words, we did not support our hypothe-
sis that cocaine dependence would be associated with a
greater reduction in the limbic striatum. Instead, we dem-
onstrated a similar decrease in the limbic and sensorimo-
tor striatum, suggesting that cocaine dependence is asso-
ciated with a prominent motor component in addition to
changes in limbic dopamine transmission.

With respect to the individual regions of interest, there
was a significant group difference in the ventral striatum
and putamen but not the caudate. This might be related to
the fact that the effect of amphetamine on [''C]raclopride
V3” is low in the caudate of healthy subjects (11, 13, 19).
The blunted dopamine response to amphetamine in co-
caine-dependent participants could not be attributed to
pharmacokinetic differences in amphetamine, since there
was no difference in amphetamine plasma levels or vital
signs between the two groups. Nevertheless, the decrease
in amphetamine-induced dopamine release in cocaine
abusers in this study is in agreement with Volkow et al. (2),
who showed a similar reduction in [!!C]raclopride dis-
placement in the striatum as a whole following intrave-
nous methylphenidate (0.5 mg/kg).

The results of these imaging studies are in contrast to pre-
clinical studies demonstrating sensitization of the dopa-
mine response in the striatum to stimulants in laboratory
animals exposed to cocaine (20-22). In order for sensitiza-
tion to occur, the animal must undergo exposure to cocaine
followed by a period of abstinence. Given these findings, it
would be expected that chronic cocaine abusers adminis-
tered a psychostimulant would show an excess of dopa-
mine release rather than a blunted effect. The study of
Volkow et al. (2) and our study were performed on partici-
pants who had been abusing cocaine for prolonged periods
of time and the scans were performed following a period of
abstinence (3—-6 weeks in the study of Volkow et al. and 14
days in our study), such that dopamine sensitization should
have been elicited. Therefore, these studies suggest that
dopamine sensitization may not be present in humans who
have been exposed to cocaine for several years.

Am | Psychiatry 164:4, April 2007
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FIGURE 1. Association Between the Choice to Self-Administer Cocaine and Change in [''C]Raclopride V3” Following Am-

phetamine Administration in Cocaine-Dependent Subjects

a Using SPM99, T maps with multiple comparison correction were generated to measure the significance of the correlation between AV3” and
the number of cocaine choices (N=23, df=21). The display threshold was set at p<0.01, uncorrected. A significant bilateral negative correla-
tion was seen in the ventral striatum, showing that cocaine-dependent participants with the lowest dopamine transmission were those who

were more likely to choose cocaine over an alternative reinforcer.

The decrease in dopamine transmission is consistent
with the observations that, in rodents, chronic cocaine ex-
posure is associated with a reduction in axonal transport
of dopamine to the striatum as well as a decrease in co-
caine-induced dopamine release (23-26). Postmortem
studies in humans have shown that cocaine dependence
is associated with a decrease in the levels of vesicular
monoamine transporter type 2, which may represent a de-
crease in or injury to the midbrain dopamine neurons (27,
28). Furthermore, Wu et al. (29) demonstrated a reduction
in ['8F]6-FDOPA uptake, which provides a measure of
dopamine synthesis in the axon terminals of the striatum
in abstinent cocaine abusers. Together, these studies sup-
port the hypothesis that cocaine dependence is associated
with a loss of presynaptic dopamine transmission.

In this context, it is important to mention that Volkow et
al. (2) reported a greater response to methylphenidate in
the thalamus in the cocaine-dependent volunteers (29%
versus no effect in healthy subjects), suggesting sensitiza-
tion may occur in this brain region. Based on the finding of
Volkow et al., we performed an exploratory analysis of this
region but the difference between cocaine-dependent and
healthy subjects did not reach significance (AV3”’=5.2%
[SD=18.3%] and 3.2% [SD=16.8%], respectively; p=0.70).
No correlation was seen between dopamine release in the
thalamus and the choice for cocaine, positive effects of co-
caine, or subjective effects of amphetamine.

Dopamine Transmission and the Choice to Self-
Administer Cocaine

The deficit in dopamine function in the ventral striatum
and anterior caudate was predictive of the choice for co-
caine over a monetary reward in the laboratory setting. In-
sofar as these sessions serve as a model of relapse, this

Am | Psychiatry 164:4, April 2007

finding suggests that cocaine-dependent subjects who are
the most vulnerable to relapse are those with the lowest
presynaptic dopamine function. This finding was limited
to the ventral striatum in the voxel-based analysis. How-
ever, aregion of interest analysis of AV3” and the choice for
cocaine demonstrated a significant negative association
in the caudate rostral to the anterior commissure in addi-
tion to the ventral striatum. It should be noted that am-
phetamine, rather than cocaine, was chosen for challenge
because amphetamine can be administered to healthy
subjects and since the correlation between dopamine and
radiotracer displacement has been established in mi-
crodialysis studies on nonhuman primates (30, 31). Never-
theless, future studies using a cocaine challenge would be
of interest, since cocaine and amphetamine have different
mechanisms of action.

The importance of striatal dopamine transmission in
brain reward mechanisms has been established through
numerous studies (32). In nonhuman primates, dopamine
has been described as encoding a “reward prediction sig-
nal” which plays a critical role in discriminating between
competing rewards (33). Dopamine has also been de-
scribed as mediating the “incentive salience” of a reward
(34) or mediating the behavioral economics of reward
(35). These studies suggest that dopamine serves to mod-
ify goal directed behavior, as originally hypothesized by
Bindra (36).

Thus, dopamine may provide the signal that empha-
sizes a particular reward, even at the expense of a compet-
ing reward. This hypothesis is in agreement with the
present study. In the self-administration sessions, partici-
pants were given the choice between low-dose cocaine
and a voucher worth $5, both of which serve as reinforcers.
However, the doses of cocaine had a street value of less
627
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than $5, so that the choice options were weighted toward
the money. The failure of the dopamine-depleted cocaine-
dependent participants to alter their behavior suggests
that these individuals have the greatest deficit in their
ability to shift between reward-directed behaviors. We
propose that, in this setting, dopamine transmission is
critical for making the shift from a habitual behavior that
carries a lesser reward (the choice for cocaine) to a more
adaptive behavior that is associated with a greater (albeit
delayed) reward (the choice for money). The loss of
dopamine may represent a loss in the ability to shift from
the habitual behavior to another behavior, even one that is
associated with a reward. Ultimately, this loss of dopamine
may underlie the inability of the individuals with refrac-
tory cocaine addiction to respond to therapeutic attempts
to substitute more adaptive rewards for habitual cocaine
use. Future studies are needed to address this question.
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