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Objective: Dopamine is an important
mediator of the reinforang effeds of co-
caina, and alterations in doparmine fumnd-
tion might be involved in cocaine depen-
dence. The poals of the present study
were (o charatterire pre- and postsynap-
tic dopamine fundion in recently defox-
fied cocame-dependent subjects. Specili-
cally, dopamine response o an acute
amphetamine challenge was assessed in
sinatal subregions in cocaine-dependent
and healthy comparison participants us-
ing positron emission tomograghy (PET).
Furthermore, the relationship between
this dopamine response and the dhoice to
self-administer cocaine in a laboratory
miodel of relapse was investigated.

Method: Twanty-four cocaine-depen-
dent participants and 24 matched
healthy subjects underwent [VCrado-
pride scans under a baseline condition
amd following intravenous amphetamine
administration (0.3 me'p). Cocaine-de-

pendent participants also completed oo
caine self-administration sessions in
whidh a priming dose of cocaine was fol-
lowed by the choice to aither self-admin-
ister subsequent cocaine doses or receive
a manetary reward.

Results: Cocaine dependence was assodd-
ated with a marked reduction in amphat-
amine-induced dopamine release in each
of the functional subrepions of the stria-
tum (limbic striatum: —1.2% in coCaine-
deperdent participants versus —12.4% in
healthy subjects, associative siriatum:
2.6% versus —6.7%, respactively, sen-
SOrIMmetor striatum: —4.3% versus —14.13%).
Blunted dopamine transmission in the
veniral sinatum and anternor caudate was
predictive of the choice for cocaine over
ITICHbEY.
Conclusions: Cocaine dependence is as-
socdated with impairment of dopamine
fundction, and this impairment apgears o
play a ritical role in relapse.

{Am J Psychiatry 2007; 164:622-629)

R{]ini-l:a] 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-
stond in humans. Positron emission tomography (PET)
and the dopamine type 2 and 3 receptor {[J; ;) radiola-
beled antagonist |V'Clraclopride 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 [""Clraclopride. Thus the compari-
son of pre- and postamphetamine scans provides a mea-
sure of in vivo dopamine releass {1).

A previous study by Volkow et al. (2) performed in huo-
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 cocaing on the choice to self-administer cocaine in hu-
man participants (6, 7). Thus, the second poal of this study
was to investigate the association between deficits in pre-
synaptic dopamine and the choice for cocaine in this
medel of relapse.

The hypotheses of this study were 1) cocainge depen-
dence would be associated with a reduction in amphet-
aminge-induced dopamine release across the subdivisions
of the striatum, and the decrease would be most pro-
nounced in the imbic striatum, and 2} the loss of amphet-
amine-induced dopamine release in the mbic stnatum

This article is discussad in an editorial by Drs. Cobien and Carleson on p 543
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would be associated with the choice to self-administer
CoCaine.

Method

The study was approved by the instiatenal review board of the
mMew York Sate Psychiatric Institute. All participants provided
wrillen Informied consent. The cocalne-dependent participanits
fulfilled DSM-1Y crilerta for cocaine dependence with no olher
axls | diagnosts. Cocalne-dependent participanis were nid real-
menl speking and were admitled (o the Indng Cender for Cdindcal
Iesearch. M1 scans were performed aller a minimum of 14 days
of abstinence and cocalne sell-adminisiraiion sesslons occumed
afler the PET scans. Healthy comparson participants had no
125M-1V axis | disorder and participated as oulpatients. Nicoline
depenidence was acceplahle for both groups.

PET 5can Analysis

I"Cinackpride was administered as a bolus with constant In-
fusion, and the PICI scans were acquined on the AT 10T FTR#
{SlemensACT1, Knoxvills, Tenn) in 3-dimensional mode as elghi
framees of 5 minules each (obiatned from 40-80 minwles) as previ-
ously described (8). All participants underwent two scans with
I"'Clraclopride: baseline and follwing Intravenous adminisira-
ton of amphedamine (0.3 mg/kg. An MRI (GE 1.5-T Signa or-
wiom) was acouired for each participant for identification of the re-
glons el inlerest (8). 1our vesses samiphes wers analyoed (o oblain
the plasma concentration of unmetaboltzed |"'Clradiopride (017
ml} as previously described (). ["'CJRaclopride clearance (lilers/
hour}, free fraction (f;), and plasma amphelamine levels were
measured as previously described {9, 10).

Follvwing amphelamine administralbon, vilal signs were ac-
guired al baseline and al repular intervals as proviously described
{11} The area under the curve of the change [rom basaline was
calculated lor systolic blood pressure, diastolc blood pressune,
amdd heart rate. The subjective response 0 amphelamine was
evalualed using a simplified verston of the Amphetaming Inles-
view Rating Scale, in which euphoria, energy, restlessniess, and
anxiety were raled on a scale of 1 (least) Lo 10 (maost) as previoushy
descrihed (11).

PET Ohtcome Measures

[} recepior avallabiiily was estimated for the pre- and post-
amphelaming scans using two oulcome measures: |1V raclo-
pride binding potential imlig, defined as:

B
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andd the specific-Lo-nonspectiic partition ceeMciend (W™, unil-
boss), defined as:
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where ¥ris the Ussue distribution volume for the reglons of
interest (W pogd and cerebellum (Vo end, [z 15 the mee [raction n
the nonspectic distribution volume, Begg 15 the concentration of
13z receplors, and K'p 1s Lhe in vive equilibrium dissoclation
conslani ol the radioiracer in the presence of dopamine (12].

The reduction in 12z receplor availlability lollowing amphet-
amine [(Av:™) was calculated as:

AVy"= (¥ "baseline - V" postamphetamine)/ V," baseline
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Region of Interest Analysis

Image analysls was performed in MEDX (Sensor Syslems, Inc,
Slerling, Va.). The reglons of inlerest were drawn on each subject s
ML, and PITI-L0- MR regisiration was performed as previoosly

described (#). The stiniatum was divided as previously describedd
{11} into the candate, putamen, and ventral striatum. The caw-

date and putamen were further subsfivided along their rostral-
caudal axis using the anterior commissure (o derve the following
regions of inleresi: 1) precommissural dorsal candale, 2) precom-
mikssural dorsal pulamen, 3) the postcommadssural caudate, and 4)
the postcommissural putamen. These reglons of Inlerest wers
then classified into (he three following luncional subdivisions: 1)
the limbic striatum, which recelves tnpui [rom imbic siructures
and ncludes the nuclews accumbens (also referred (o as the ven-
tral strialum}: 2) the assoctative striatum, which 15 largedy involved
in cognitkon and includes the precommissural dorsal caudate,
precomimissural dorsal putamen, and postcommdssural caudate:
and 3} the sensorimodor sirfalum, which mosily recelves inputl
from molor and premodor areas and incledes the posicommis-
sural putamen.

The oulcome measures for the asseclative stiatum were calou-
laied from the welghted average of the precommissural dorsal
caundale, posicommissural candate, and precommissural dorsal
putamen, while the oulcome measures [or the striatam were cal-
culated as the welghted average of all live reglons of Inlerest. Be-
cause of imitatons in PEET camera reselution, the activity mea-
sured In a given region of interesl iInclodes aciivily from adjacent
regions, which resull in error due (o pariial volume eflecis. In or-

der Lo address this error, partial volume effecl correction was per-
Formisd as described previously (13) amd in the data supplement

that accompanses Lhe onhine verston of this article.

Voxel-Wise Analysis

V3™ tmages were formed from the MRI-coregistered PET data
and derived [rom the equation: (mean PET voxel valoe over scan-
ning period/mean cerebellum actvily over scanning period) - 1.

The individual MR mages were normalioed o the MNLTT lem-
plate with nonlinear warping using Stattstical Paramelric Map-
ping 1999 (SPM949) (14). The ransformallon paramelers were
then applied Lo the Vy™ images (pre- and poslamphetamine) Lo
obiain a sel of spatially normalized V™ Images. AVS"™ Images wero
then formed as 1 - (amphelamine condition/contnl condition].
Prior to the statstical analysts, data were smoolhed with a G-mm
Escirogdc Gausstan kernel.

The coecaine-dependent participants completed two Lypes of
cocalne sell-adminisirailon sesslons: sample sessions and
cholce spsslons. In Uhe sample sesstons, the participants sell-ad-

mimlstered a single dose of smoked cocalne (Lhree sessions of 0,

G, of 12 mg of cocaine) and wene asked Lo @ie the subjectve af-
fects as previously described (15). viswal analopue scalps were

used (o measure the subjectve elfects of “good dmg elfect,”
“high,” and “stimulated” which were grouped into the posiiive
ellects cluster (6.

Farh cocatne-dependent panicipant also underwent three oo-
caine sell-administration sessions with O mg, & mg, and 12 mg
doses, as previowsly describved (6, 7). Kach sesslon began with a
response-independent or *priming” dose of cocaine. Following

this dose, participants were given fve choloes belween smoking
the same dose of cocalne or receiving a $5.00 merchandise

voucher redeemabde al kecal siores and pald upon discharge. The
oulcome measure [or the cholce sesslons was Lhe number of
times a dose of cocaine was chosen over the voucher (range from
0 L 5).
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DOPAMINE FUMCTION AND COCAINE DEFENDENCE

TABLE 1. PET 5can Parameters

Baseline 5can Amphelamine can
Healthy subjects Farbidpanis Healthy subjects Participants
Parameder Mear 51 Mean s Medan S0 Mean S0
Inpacted dose (md) 136 15 128 19 124 34 128 16
ﬂiﬁcarﬁ‘t’il‘y i'mmicd) 15449 i Ll 153 o924 1473 G5 1528 L30
Fainoa 121 34 128 213 "z i3 122 23
Plasma free fraction (f, % 1.8 0.8 15 0L 16 0.9 0.15 005
Tissue distribution volume, cereballum milfg) 0.3 0.o7 039 oL04 L1 {7 0.o7 037 0405
Cerebellwm free Frachion {fz, %) 100 23 E9 16 101 i) a3 14
amphetamine leval jng'mby 49.9 136 475 15.8

Statistical Analysis

Group demographic comparisons were performed with
unpatred L lests. Group dilferences in pre- and postamphetamine
[z receplor avallabibity as well as differences in reduction in
[} receplor avallabdlity [ollowing amphetamine were analyzed
with a repealed measures ANOVA, with the reglon of Inleresl as

Lthie repeated measure and diagnostic group as the colactor. The
use of binding polential for belween-group comparisons as-

sumes that [y 15 nol significantly different belween groups,
whereas the use of V9" assumes Lthat [z ts nol signdAcanily diTerent
bietween groups (12). For the belween-group analyses, [, Mnding
polential, and ¥ were measuned o assess the validity of these
assumpiions. For the within-subject analysis, Vi™ provides a more
robust culcome measure (16), S0 AY:" was chosen a prion Lo as-
spss Lhe amphetamime-induced reduction in Dyq receplor avail-
abliy. For voxehwise analysts, the analysts was restricted (o voxels
in which V5" = 1 in the baseline comdition. Multiple comparison
correctons were performed according (o the Gawsstan random
Miedd meedel employed in the P399 sollware.

Results

Twenty-four cocaine-dependent subjects (19 men and
five women, mean age=33 vears |5D=3]) and 24 healthy
comparison subjects (19 men and five women, mean age=
38 years [51)=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 | "'Clraclo-
pride (7). Subjects were matched for ethnicity (healthy
group: African-American [N=12|, Cauwcasian |[M=7], His-
panic |[N=5|; cocaine-dependent group: African-American
[MN=16], Cawcasian |N=4], Hispanic [N=4]) and cigaretie
smioking {the comparison group smoked on average 12
cigarettes /day [510=6| and included six nonsmokers and
three ex-smokers; the cocaine-dependent group smoked
on average 11 ciparettes/day [5D=4] and included four
nonsmaokers and three ex-smokers). The cocaine-depen-
dent subjects reported smoking crack cocaine an averape
of 16.1 years [(5D=4.4) and were spending 5280 weekly
[5D=108]).

PET Scan Parameters

Table 1 shows the |M'Clraclopride scan parameters for
the two proups. 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 volums between the two groups before or af-
ter amphetamine, there was a small but significant de-

624 ajp.psychintrgoniine arg

crease after amphetamine when the data for the two
groups was pooled (p<0.001, paired t test) with no signifi-
cant difference in fz (p=0.53).

Baseline D; 5 Receptor Availability

Repeated-measures ANOVA revealed that cocaine de-
pendence was associated with significantly lower baseline

I"Clrackopride binding potential {region factor: p<0.001;
group factor: p=0.014; group-by-region interaction: p=
0.009) and V"™ (region factor: p<0.001; group factor: p=
0.0:01; group-by-region interaction: p=0.0015}, as shown in
Table 2. These decreases in baseline binding potential and
V" were similar for each of the repions of interest except
for the postcommissural caudate. Data corrected for the
partial volume effects provided the same results and ane
presented in the supplement that accompanies the online
version of this article.

Amphetamine-Induced Reduction in D5
Receptor Availability
Repeated-measures ANOVA revealed that cocaine de-

pendence was associated with a blunted effect of amphet-
amine on |"Clraclopride V5™ (region factor: p<0.0001;

group factor: p=0.0009; group-by-region interaction:
p=0.0001 |Table 3). In the caudate, AVy" 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=10.04), 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 8.1 [S5]=
63.8|, respectively; p<Al.(4}, with no between-group differ-
ences in restlessness, anxiety, or energy. No association
was seen between AV;™ 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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