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Profound Decreases in Dopamine Release in Striatum in
Detoxified Alcoholics: Possible Orbitofrontal Involvement

Nora D. Volkow,1,2 Gene-Jack Wang,3 Frank Telang,2 Joanna S. Fowler,3 Jean Logan,3 Millard Jayne,2 Yeming Ma,2

Kith Pradhan,4 and Christopher Wong3

1National Institute on Drug Abuse, Bethesda, Maryland 20892, 2Laboratory of Neuroimaging, National Institute on Alcohol Abuse and Alcoholism,
Bethesda, Maryland 20892, 3Medical Department, Brookhaven National Laboratory, Upton, New York 11973, and 4Department of Applied Mathematics,
State University of New York at Stony Brook, Stony Brook, New York 11794

The value of rewards (natural rewards and drugs) is associated with dopamine increases in the nucleus accumbens and varies as a
function of context. The prefrontal cortex has been implicated in the context dependency of rewards and in the fixated high value that
drugs have in addiction, although the mechanisms are not properly understood. Here we test the hypothesis that the prefrontal cortex
regulates the value of rewards by modulating dopamine increases in nucleus accumbens and that this regulation is disrupted in addicted
subjects. We used positron emission tomography to evaluate the activity of the prefrontal cortex (measuring brain glucose metabolism
with [ 18F]fluorodeoxyglucose) and dopamine increases (measured with [ 11C]raclopride, a D2 /D3 receptor ligand with binding that is
sensitive to endogenous dopamine) induced by the stimulant drug methylphenidate in 20 controls and 20 detoxified alcoholics, most of
whom smoked. In all subjects, methylphenidate significantly increased dopamine in striatum. In ventral striatum (where the nucleus
accumbens is located) and in putamen, dopamine increases were associated with the rewarding effects of methylphenidate (drug liking
and high) and were profoundly attenuated in alcoholics (70 and 50% lower than controls, respectively). In controls, but not in alcoholics,
metabolism in orbitofrontal cortex (region involved with salience attribution) was negatively associated with methylphenidate-induced
dopamine increases in ventral striatum. These results are consistent with the hypothesis that the orbitofrontal cortex modulates the value
of rewards by regulating the magnitude of dopamine increases in the ventral striatum and that disruption of this regulation may underlie
the decreased sensitivity to rewards in addicted subjects.
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Introduction
Increases in dopamine (DA) are linked with the reinforcing re-
sponses to substances of abuse including alcohol (Koob et al.,
1998), but the mechanism(s) underlying addiction is much less
clear. It is believed that chronic drug use results in adaptive
changes in regions (circuits) modulated by DA that underlie the
neurobiology of addiction (Robbins and Everitt, 2002; Nestler,
2004). Among these, the prefrontal cortex is increasingly being
recognized as playing a central role in addiction (Jentsch and
Taylor, 1999). Particularly relevant are prefrontal cortical effer-
ents to the ventral tegmental area (VTA) and to the nucleus ac-
cumbens (NAc), which play a key role in regulating the firing
pattern of DA cells and of DA release, respectively (Gariano and

Groves, 1988; Murase et al., 1993). Indeed, preclinical studies
have documented changes in this pathway with chronic drug
exposure, which have been hypothesized to underlie the loss of
control over drug intake that characterizes addiction (White et
al., 1995; Kalivas, 2004).

The purpose of this study was to evaluate the regulation of
brain DA activity by the prefrontal cortex in alcoholism. To assess
brain DA activity, we used positron emission tomography (PET)
and [ 11C]raclopride (DA D2/D3 receptor radioligand with bind-
ing that is sensitive to competition by endogenous DA) (Volkow
et al., 1994a) before and after challenge with intravenous meth-
ylphenidate (MP) and compared the responses between 20 de-
toxified alcoholics and 20 healthy controls. We used MP as the
pharmacological challenge because it increases DA by blocking
DA transporters (DATs) and thus allows for the indirect assess-
ment of DA cell activity (Volkow et al., 2002). To evaluate the
activity of the prefrontal cortex, we measured regional brain glu-
cose metabolism, which serves as a marker of brain function
(Sokoloff et al., 1977), using PET and [ 18F]fluorodeoxyglucose
(FDG). Our working hypotheses were that in alcoholic subjects,
the regulation of DA brain activity by the prefrontal cortex would
be disrupted and that they would have decreased DA activity.
Also because MP-induced striatal DA increases are associated
with its rewarding effects (Volkow et al., 1999), we also hypoth-
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esized that reduced DA release in alcoholics would lead to a
blunting of the subjective perception of the pleasurable effects of
MP.

Materials and Methods
Subjects. Twenty male alcoholic subjects and 20 male healthy controls
were studied. Alcoholics were recruited from therapeutic communities
and advertisements. Table 1 provides demographic and clinical charac-
teristics of subjects. At least two clinicians interviewed the patients to
ensure that they met Diagnostic and Statistical Manual of Mental Disor-
ders (DSM), fourth revision, diagnostic criteria for alcoholism, with a
semistructured standardized interview using DSM criteria. Inclusion cri-
teria also required that they had a first-degree relative who was an alco-
holic. Subjects were excluded if they had history of substance abuse or
addiction (other than alcohol and nicotine). Exclusion criteria also in-
cluded history of psychiatric disease (other than alcohol dependence) or
neurological disease, medical conditions that may alter cerebral function
(i.e., cardiovascular, endocrinological, oncological, or autoimmune dis-
eases), current use of prescribed or over-the-counter medications,
and/or head trauma with loss of consciousness of �30 min. All subjects
had Hamilton anxiety (Hamilton, 1959) and Hamilton depression
(Hamilton, 1960) scores �19 and had to have refrained from drinking
alcohol at least 30 d before the study. Controls were recruited from
advertisements in local newspapers; exclusion criteria other than allow-
ance for alcohol dependence or abuse were the same as for alcoholic
subjects. In addition, control subjects were excluded if they had a family
history of alcoholism. All subjects had a physical, psychiatric, and neu-
rological examination. Drug screens were done on the days of the PET
studies to exclude the use of psychoactive drugs. Subjects were instructed
to discontinue any over-the-counter medication 2 weeks before the PET
scan, and controls were instructed to refrain from drinking alcohol the
week before the PET scan. Food and beverages (except for water) were
discontinued at least 4 h before and cigarettes were discontinued for at
least 2 h before the study. This study was approved by the Institutional
Review Board at Brookhaven National Laboratory, and written informed
consent was obtained from all subjects.

Behavioral and cardiovascular measures. Subjective ratings (1–10) for
drug effects were recorded before and 27 min after placebo or MP ad-
ministration (Wang et al., 1997). These self-reports of drug effects have
been shown to be reliable and consistent across studies (Fischman and
Foltin, 1991). Heart rate and blood pressure were monitored before and
periodically after placebo or MP administration.

Scans. PET studies were done with a Siemens (Iselin, NJ) HR� tomo-
graph (resolution, 4.5 � 4.5 � 4.5 mm full-width half-maximum) in
three-dimensional mode. All subjects completed two scans done with
[ 11C]raclopride, and 19 of the controls and 19 of the alcoholics com-
pleted a third scan done with FDG. The scans were completed over a 2 d
period, and the order was randomized. Methods have been published for
[ 11C]raclopride (Volkow et al., 1993a) and for FDG (Wang et al., 1993).
For the [ 11C]raclopride scans, one of the two scans was done after intra-
venous placebo (3 cc of saline), and the other was done after intravenous
MP (0.5 mg/kg), which were given 1 min before [ 11C]raclopride injec-

tion. The study was a single-blind crossover design. Dynamic scans were
started immediately after injection of 4 –10 mCi of [ 11C]raclopride (spe-
cific activity, 0.5–1.5 Ci/�M at end of bombardment) and were obtained
for a total of 54 min. Arterial blood was obtained throughout the proce-
dure to measure the concentration of unchanged [ 11C]raclopride in
plasma as described previously (Volkow et al., 1993a). For FDG, the
measures were done at baseline conditions (no stimulation), and a 20
min emission scan was started 35 min after injection of 4 – 6 mCi of FDG,
and arterial blood was used to measure FDG in plasma. During the
uptake period, subjects remained in a supine position with their eyes
open in a darkly lit room, and noise was kept to a minimum. Metabolic
rates were computed using an extension of Sokoloff’s model (Phelps et
al., 1979).

Image analysis. For the [ 11C]raclopride images, regions of interest
(ROIs) were obtained directly from the [ 11C]raclopride images as de-
scribed previously (Volkow et al., 1994a). Briefly, we selected the ROI on
summed images (dynamic images taken from 10 to 54 min) that were
resliced along the intercommisural plane from which we selected regions
in caudate (CDT), putamen (PUT), ventral striatum (VS), and cerebel-
lum. These regions were then projected to the dynamic scans to obtain
concentrations of C-11 versus time, which were used to calculate the K1

(transport constant from plasma to tissue) and the distribution volume
(DV), which corresponds to the equilibrium measurement of the ratio of
tissue concentration to plasma concentration in CDT, PUT, and VS us-
ing a graphical analysis technique for reversible systems (Logan et al.,
1990). The ratio of the DV in striatum to that in cerebellum, which
corresponds to Bmax�/Kd� � 1 (Kd� and Bmax� are the effective in vivo
constants in the presence of endogenous neurotransmitter and nonspe-
cific binding), was used as an estimate of D2/D3 receptor availability
(Logan et al., 1990). The effects of MP on [ 11C]raclopride binding were
quantified as percentage change in Bmax�/Kd� from placebo (dependent
variable).

For the metabolic images, we extracted ROI using an automated ex-
traction method as described previously and sampled (1) a priori-
identified prefrontal regions [orbitofrontal cortex (OFC), cingulate gy-
rus (CG), dorsolateral prefrontal], because preclinical studies have
shown that they regulate DA release; (2) striatal regions (CDT, PUT, VS),
because these are main targets of DA terminals; (3) limbic regions (amyg-
dala, hippocampus, insula), because they are also targets of DA terminals;
and (4) thalamic, temporal, parietal, occipital, and cerebellar regions,
which we treated as control regions (Volkow et al., 2006). Briefly, we first
mapped the metabolic images into the MNI (Montreal Neurological
Institute) standard brain space to eliminate variations across individuals’
brains. To perform the ROI calculations, we produced a map that cov-
ered all the corresponding voxels for a given region following the coor-
dinates in the Talairach Daemon software (Collins et al., 1995; Lancaster
et al., 2000) into the FDG PET image.

Statistical analysis. The effects of MP on K1 and on D2/D3 receptor
availability (Bmax�/Kd�) and the differences between the groups at base-
line and in response to MP were assessed with ANOVA with one
between-subject factor (control vs alcoholics) and one within-subject
factor (placebo vs MP). Post hoc t tests were used to determine which of
the conditions differed. To assess the association between MP-induced
changes in Bmax�/Kd� (dependent variable) in CDT, PUT, and VS and
regional brain metabolism, we performed Pearson product moment cor-
relation analysis on the metabolic measures. To test the three main hy-
potheses of the study (1) that in controls but not in alcoholics metabo-
lism in prefrontal regions [CG, OFC, and dorsolateral prefrontal cortex
(DLPFC)] would be associated with MP-induced changes in Bmax�/Kd�
(dependent variable), (2) that MP induced changes in Bmax�/Kd� would
be smaller in alcoholics than controls, and (3) that changes in Bmax�/Kd�
in VS would be associated with the rewarding effects of MP and thus
ratings for “drug liking” and “high” would be lower in alcoholics than
controls, we set the level of significance at p � 0.05. For the exploratory
analysis to evaluate correlations between changes in Bmax�/Kd� (depen-
dent variable) and metabolism in the 11 ROIs that were not a priori
defined, we set significance at p � 0.005. To corroborate that the corre-
lations reflected regional activity rather than overall absolute metabolic
activity, we also assessed the correlations on the normalized regional

Table 1. Demographic and clinical characteristics of controls and alcoholic subjects

Original groups

Alcoholic subjects (n � 20) Control subjects (n � 20)

Age 41 � 6 41 � 6
Education (years) 13 � 2 14 � 2
Ethnicity 16 Caucasians 18 Caucasians

2 Hispanics 2 Hispanics
2 Native Americans

Age of alcohol use onset 13 � 3
Age at heavy drinking 18 � 6
Years of alcohol abuse 23 � 8
Beer equivalents per day 16 � 6
Days since last alcohol 79 � 38 (range, 30 –164)
Smokers 16 3
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metabolic measures (regional metabolism/
whole-brain absolute metabolism). Differences
on the correlations between the groups were
tested using an overall test of coincidences for
the regressions.

Because in previous studies we have seen a
correlation between baseline measures of
D2/D3 receptor availability and prefrontal me-
tabolism in cocaine and methamphetamine
abusers (Volkow et al., 1993b, 2001), we also
assessed these correlations to determine
whether a similar association occurred in alco-
holic subjects (significance was set at p � 0.05).

Results
Plasma concentrations of MP
Plasma concentrations (in nanograms per
millimeter) did not differ between con-
trols and alcoholic subjects at 10 min
(116 � 26 vs 107 � 16, respectively), 30
min (85 � 25 vs 76 � 12), or 45 min (65 �
15 vs 59 � 11). The plasma MP concentra-
tion did not correlate with MP-induced
changes in Bmax�/Kd�.

Behavioral responses to MP
In both groups, MP significantly ( p � 0.005) increased scores on
self-reports for feel drug, high, restlessness, stimulated, drug
good, drug liking, drug disliking, desire for alcohol, and desire for
tobacco (Table 2). The interaction effect was significant for most
of the self-reports of drug effects (except for restlessness and
desire for alcohol) (Table 2). Post hoc t tests revealed that MP
effects were significantly larger in controls than in alcoholics for
high ( p � 0.003), stimulated ( p � 0.003), feel drug ( p � 0.004),
drug good ( p � 0.04), and drug liking ( p � 0.04) and were
greater in alcoholics for desire for tobacco ( p � 0.002) and drug
disliking ( p � 0.05).

MP increased heart rate and systolic and diastolic blood pres-
sure, and these effects did not differ between groups (data not
shown).

Measures of DA D2 /D3 receptor availability at
baseline (placebo)
At baseline, there were no differences in K1 between groups in
cerebellum, CDT, PUT, or VS (Table 3). In contrast, D2/D3 re-
ceptor availability (Bmax�/Kd�) showed a significant group effect
in VS ( p � 0.007) but no differences in CDT and PUT. Post hoc t

test showed that VS D2/D3 receptor availability was significantly
lower in alcoholics ( p � 0.05) (Table 3).

Measures of DA D2 /D3 receptor availability after MP
(DA changes)
ANOVA on the K1 measures revealed that neither the drug nor
the interaction effects were significant in CDT, PUT, VS, or cer-
ebellum, which indicates that MP did not change radiotracer
delivery and that there were no differences between groups (Ta-
ble 3).

MP decreased Bmax�/Kd�, and the ANOVA revealed a signifi-
cant drug effect in CDT (F � 19; p � 0.001), PUT (F � 54; p �
0.0001), and VS (F � 41; p � 0.001), which indicates that Bmax�/
Kd� was significantly reduced by MP in both groups (see Fig. 2,
Table 3). The interaction effect was significant for PUT (F � 5.5;
p � 0.03) and VS (F � 13; p � 0.001), which indicates that the
responses in these regions differed between groups. The post hoc t
test revealed that the reductions with MP were significantly
smaller in alcoholics in PUT (controls, 21% vs alcoholics, 11%;
p � 0.03) and VS (controls, 27% vs alcoholics, 8%; p � 0.002)
(Fig. 1, Table 3).

To assess whether the smaller changes in Bmax�/Kd� (PUT and
VS) in alcoholics than in controls reflected their greater number
of smokers, we compared the smokers from the nonsmokers sep-

Table 2. Behavioral effects of intravenous MP in controls and alcoholic subjects and F values for the factorial repeated ANOVA for the group, drug, and interaction effects

Control subjects Alcoholic subjects ANOVA

Placebo MP Placebo MP Group Drug Interaction

Feel drug 1 � 1 5 � 3 1 � 0 3 � 2 0.03 0.0001 0.05
Anxiety 2 � 1 4 � 3 3 � 3 3 � 2 NS 0.005 0.05
Happy 6 � 2 7 � 3 8 � 2 6 � 2 NS 0.05 0.02
High 1 � 1 6 � 3 1 � 0 3 � 2 0.001 0.0001 0.002
Mood 7 � 2 8 � 2 7 � 2 6 � 2 NS NS 0.03
Restlessness 1 � 1 5 � 3 2 � 2 4 � 3 NS 0.0001 NS
Stimulated 3 � 2 7 � 3 4 � 3 5 � 3 NS 0.0002 0.003
Drug good 1 � 0 6 � 4 1 � 0 3 � 3 0.03 0.0001 0.02
Drug liking 2 � 1 6 � 3 2 � 2 4 � 3 0.05 0.0001 0.05
Drug disliking 1 � 1 4 � 3 2 � 2 7 � 3 0.002 0.0001 0.05
Desire alcohol 1 � 0 2 � 1 1 � 0 3 � 3 NS 0.005 NS
Desire tobacco 1 � 0 1 � 1 3 � 3 6 � 4 0.0001 0.0001 0.002

Values correspond to means and SDs for the measures obtained 25–30 min after placebo or MP administration.

Table 3. Measures for K1 and Bmax�/Kd� for the �11C	raclopride images for controls and for alcoholic subjects for
the placebo (PL) and MP conditions, along with the p values for the ANOVA results for the group, drug, and
interaction effects

Drug Controls Alcoholics

ANOVA

Group Drug Interaction

K1

Cerebellum PL 0.09 � 0.02 0.10 � 0.04 NS NS NS
MP 0.09 � 0.03 0.10 � 0.03

Caudate PL 0.09 � 0.01 0.10 � 0.02 NS NS NS
MP 0.09 � 0.01 0.09 � 0.02

Putamen PL 0.11 � 0.01 0.11 � 0.02 NS NS NS
MP 0.11 � 0.01 0.11 � 0.02

VS PL 0.09 � 0.01 0.10 � 0.02 NS NS NS
MP 0.09 � 0.01 0.10 � 0.03

Bmax�/Kd�
Caudate PL 2.71 � 0.35 2.62 � 0.31 NS F � 19 NS

MP 2.32 � 0.44 2.40 � 0.32 p � 0.0001
Putamen PL 3.36 � 0.34 3.32 � 0.40 NS F � 54 F � 5

MP 2.56 � 0.45 2.94 � 0.45 p � 0.0001 p � 0.05
VS PL 2.86 � 0.22 2.64 � 0.41 F � 8 F � 41 F � 13

MP 2.07 � 0.42 2.42 � 0.58 p � 10.007 p � 0.0001 p � 0.001

Values are means and SDs, and the measures of left and right were averaged. The ANOVA corresponds to one group (controls vs alcoholics) repeated (PL vs MP)
ANOVA (df � 1,38).
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arately for each group and showed the following: (1) the controls
who smoked (n � 3) had similar changes than those who did not
(n � 17) in PUT (20 vs 21%, respectively) and VS (35 vs 26%,
respectively); and (2) the alcoholics who smoked (n � 16) had
similar changes than those who did not (n � 4) in PUT (11 vs
12%, respectively) and VS (8 vs 6%, respectively).

Although the samples are too small to yield conclusive results,
in none of these comparisons were the changes in Bmax�/Kd�
smaller in smokers, which suggests that the smaller changes in
alcoholics are not just attributable to smoking.

Regional brain glucose metabolism and correlation with MP-
induced changes in Bmax�/Kd� and with baseline measures of
D2 receptor availability
Neither whole-brain (controls, 36.4 � 4 �mol/100 g/min; alco-
holics, 35.0 � 4 �mol/100 g/min) nor regional metabolism dif-
fered between groups (data not shown).

In controls, MP-induced changes in Bmax�/Kd� in VS were
negatively correlated with metabolism in OFC [Brodmann’s area
(BA) 11: r � 0.62, p � 0.006; BA 47: r � 0.60, p � 0.008], DLPFC
(BA 9: r � 0.59, p � 0.01), CG (BA 32: r � 0.50 p � 0.04; BA 24:
r � 0.52, p � 0.03), and insula (r � 0.63; p � 0.005). (Fig. 2).
Bmax�/Kd� changes in CDT and PUT were only correlated with
metabolism in CG (r �0.51; p � 0.03). In alcoholics, the corre-
lations between MP-induced changes in Bmax�/Kd� and regional
metabolism were not significant (Fig. 2). Comparison of the re-
gression slopes between the groups revealed that correlations dif-
fered significantly in OFC (z � 2.3; p � 0.05), DLPFC (z � 2.2;
p � 0.05), CG (z � 2.2; p � 0.05), and insula (z � 2.6; p � 0.01).

The correlations with the normalized metabolic measures
(region/whole-brain metabolism) was significant only for the
changes between Bmax�/Kd� in VS and OFC (r � 0.62; p � 0.006)

in controls but not in alcoholics (Fig. 3). This correlation differed
significantly between the groups (z � 2.1; p � 0.05).

The correlations with baseline Bmax�/Kd� (D2 receptor avail-
ability) and regional metabolism were significant for alcoholics
but not controls in CG (CDT: r � 0.57, p � 0.02; PUT: r � 0.59,
p � 0.01; VS: r � 0.57, p � 0.02) and DLPFC (CDT: r � 0.52, p �
0.03; PUT: r � 0.52, p � 0.03; VS: r � 0.50, p � 0.03).

Correlation between MP-induced changes in Bmax�/Kd� and
its behavioral effects and drinking and smoking histories
Changes in Bmax�/Kd� in VS correlated with high (r � 0.40; p �
0.01), drug good (r � 0.33; p � 0.05), happy (r � 0.33; p � 0.05),
restlessness (r � 0.38; p � 0.02), and stimulated (r � 0.45; p �
0.005); in PUT with high (r � 0.32; p � 0.05), drug good (r �
0.34; p � 0.05), and stimulated (r � 0.46; p � 0.005); and in CDT
with stimulated (r � 0.32; p � 0.05).

Neither alcohol nor smoking histories correlated with changes
in Bmax�/Kd� when all the alcoholics were included. However,
when only the alcoholics who smoked were analyzed, there was a
significant correlation between changes in Bmax�/Kd� and years of
smoking (PUT: r � 0.73, p � 0.002) and age at smoking initiation
(PUT: r � 0.63, p � 0.009; VS: r � 0.53, p � 0.05).

Discussion
Prefrontal regulation of MP-induced DA changes in controls
but not in alcoholics
In controls, we show a negative association between absolute
metabolic activity in prefrontal regions (OFC, CG, DLPFC) and
MP-induced changes in Bmax�/Kd� (estimate of DA changes) in
VS and PUT. Moreover, this correlation remained in the OFC
after normalizing for whole-brain metabolic activity indicating
that, at least in OFC, it is regionally specific. This finding is con-
sistent with preclinical studies documenting prefrontal regula-
tion of DA cells in VTA and of DA release in NAc (Gariano and
Groves, 1988; Murase et al., 1993).

In contrast in alcoholics, metabolism in prefrontal regions
was not correlated with DA changes (as assessed by changes in
Bmax�/Kd�). This suggests that in alcoholics, regulation of DA cell
activity by prefrontal efferents is disrupted and that their de-
creased DA cell activity may represent loss of prefrontal regula-
tion of DA mesolimbic pathways. One of the main inputs to DA
cells in VTA is glutamatergic efferents from the prefrontal cortex
(Carr and Sesack, 2000), and there is growing evidence that they
play an important role in addiction (Kalivas and Volkow, 2005).
Preclinical studies have also shown that the influence of the pre-
frontal cortex on behavior regulation decreases with chronic drug
administration contributing to the loss of control in addiction
(Homayoun and Moghaddam, 2006). Moreover, disruption of
OFC (region involved with salience attribution, the disruption of
which is associated with compulsive behaviors) and of CG (re-
gion involved with inhibitory control, the disruption of which is
associated with impulsivity) is considered central to the process
of addiction (Volkow et al., 2003).

The exploratory analysis revealed that in controls, DA changes
in VS were also correlated with metabolism in insula. The insula
is one of the cortical regions with the densest DA innervation
(Gaspar et al., 1989), and a recent study reporting that damage to
the right insula was linked with abrupt smoking cessation high-
lights its importance in addiction (Naqvi et al., 2007).

Decreased DA release in alcoholic subjects
In alcoholics, MP induced much smaller DA increases in VS and
PUT than in controls. MP is a DAT blocker, and for a given level

Figure 1. Average for the DV ratio (DVR) images for [ 11C]raclopride for the controls (n � 20)
and the alcoholics (n � 20) at the level of striatum after placebo and after MP. Note the
decrease in specific binding (DV ratios) with MP and the attenuated response to MP in alcoholic
subjects compared with the controls.
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of DAT blockade, DA changes reflect the
amount of spontaneous DA released
(Volkow et al., 1999). Because the concen-
tration of MP in plasma, which did not
differ between groups, predicts the levels
of DAT blockade (Volkow et al., 1998,
1999), the blunted response to MP sug-
gests that alcoholics have lower DA release
than controls. The decrements were most
accentuated in VS (70% lower than con-
trols), which corroborates previous find-
ings of reduced DA increases in VS after
amphetamine in alcoholics (50% lower
than controls) (Martinez et al., 2005).
These findings are also in agreement with
preclinical studies showing profound re-
ductions in DA cell firing (Diana et al.,
1993; Bailey et al., 1998; Shen et al., 2007) in VTA and decreased
DA in NAc (Weiss et al., 1996) after withdrawal from chronic
alcohol. Decreased reactivity of the DA VTA–accumbens path-
way in alcoholics could put them at risk to consume large
amounts of alcohol to compensate for this deficit. Indeed, acute
alcohol administration restores the activity of VTA DA cells in
animals treated chronically with alcohol (Diana et al., 1996;
Weiss et al., 1996).

Alcoholics also showed blunted MP-induced DA increases in
PUT (47% lower than in controls). This most likely reflects in-
volvement of DA cells in substantia nigra, which project to PUT
and are implicated in motor behavior. DA deficits in PUT could
explain the greater vulnerability for extrapyramidal motor symp-
toms in alcoholics (Shen, 1984).

Previous studies in cocaine abusers also documented signifi-
cant reductions in MP-induced DA increases (50% lower than
controls) (Volkow et al., 1997), which suggests that decreased DA
cell activity may reflect a common abnormality in addiction.

Reduced reinforcing responses to intravenous MP
in alcoholics
Subjective rewarding responses to MP in alcoholics were lower
than in controls. The fact that these subjective effects of MP were
associated with DA increases in VS suggests that the blunted re-
inforcing responses to MP reflect decreased VTA DA cell activity.
To the extent that VTA DA cells, in part via their projection to
NAc, are involved in modulating the reinforcing responses to
nondrug reinforcers decreased DA cell activity could underlie the
reduced sensitivity to nonalcohol rewards in alcoholics (Wrase et
al., 2007).

Alcohol/nicotine comorbidity
In alcoholic subjects who were smokers, MP-induced DA
changes were correlated with their smoking histories. This asso-
ciation could reflect common adaptation responses to alcohol
and tobacco because chronic nicotine also decreases spontaneous
activity of VTA DA cells (Liu and Jin, 2004). However, because
DA changes did not differ between alcoholic smokers and non-
smokers nor between control smokers and nonsmokers, it is un-
likely that the DA reductions were attributable just to smoking
but could reflect common vulnerabilities (True et al., 1999;
Bierut et al., 2004; Le et al., 2006).

Baseline DA D2 /D3 receptor measures
Baseline DA D2/D3 receptor availability was lower in alcoholics
than in controls in VS, which corroborates previous imaging

(Heinz et al., 2004; Shen et al., 2007) and postmortem (Tupala et
al., 2001, 2003) studies.

Baseline D2/D3 receptor availability in the alcoholics (but not
in controls) was associated with metabolism in CG and DLPFC.
This is consistent with previous findings in cocaine and in meth-
amphetamine abusers and in subjects at high genetic risk for
alcoholism in whom we also reported an association between
baseline striatal D2/D3 receptor availability and prefrontal metab-
olism (Volkow et al., 1993b, 2001, 2006). However, it contrasts
with the correlations between prefrontal metabolism and MP-
induced DA changes, which were significant for controls but not
for alcoholics. This is likely to reflect the fact that they correspond
to different measures of DA neurotransmission; changes in
Bmax�/Kd� reflect DA release from DA neurons, which is a func-
tion of DA cell firing and is modulated by prefrontal activity,
whereas D2/D3 receptor availability mostly reflects receptor levels
that presumably are modulated by genetic and epigenetic factors
but, to our knowledge, not by prefrontal activity. Thus, the asso-
ciation between baseline D2/D3 receptors is likely to reflect dopa-
minergic modulation of prefrontal cortical regions (Oades and

Figure 2. Regression slopes between percentage changes in Bmax�/Kd� (dependent variable) in VS and absolute regional brain
metabolic activity in OFC (BA 11), anterior CG (BA 32), and DLPFC (BA 9) in controls (filled circles) and in alcoholics (open circles).
Note that percentage decreases in the specific binding of [ 11C]raclopride (Bmax�/Kd�) reflect relative DA increases, and thus the
regression conveys a negative correlation: the lower the metabolism, the greater the DA increases.

Figure 3. Regression slopes between percentage changes in Bmax�/Kd� (dependent vari-
able) in VS and normalized metabolic activity in OFC (whole brain) in controls (filled circles) and
in alcoholics (open circles).
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Halliday, 1987). Indeed, in alcoholics, reductions in D2R avail-
ability in VS have been shown to be associated with alcohol crav-
ing severity and with greater cue-induced activation of the medial
prefrontal cortex and anterior CG as assessed with functional
magnetic resonance imaging (Heinz et al., 2004).

Baseline regional brain glucose metabolism
In this study, we did not show differences in brain glucose me-
tabolism (including frontal cortex) between controls and alco-
holics. This differs from previous studies, which have shown re-
ductions in frontal metabolism in alcoholics (for review, see
Wang et al., 1998). However, because reductions in brain metab-
olism recover significantly within 2– 4 weeks of detoxification
(particularly in frontal cortex) (Volkow et al., 1994b), failure to
see reductions in our subjects could reflect the fact that they had
withdrawn from alcohol at least 30 d before the study.

Limitations
First, because [ 18F]FDG, has a half-life of 120 min, it was not
possible to do the [ 11C]raclopride measures on the same day (10
h are required between injections). However, because baseline
regional brain metabolic measures and measures of MP-induced
DA changes are stable when subjects are tested on separate days
(Wang et al., 1999a,b), the correlations are likely to have been
similar had it been possible to test them on the same day.

Second, the correlations with CG, DLPFC, and insula were not
significant when activity was normalized to whole-brain metab-
olism, so in these regions, the associations should be considered
as preliminary. Also, correlations do not necessarily imply causal
associations nor do they convey directionality and thus we can-
not rule out that the association rather than reflecting prefrontal
regulation of DA release reflects DA modulation of prefrontal
regions.

Third, reduced baseline D2/D3 receptor availability when
measured with [ 11C]raclopride could reflect either low receptor
levels or increased DA release (Gjedde et al. 2005). However, the
fact that alcoholics, when given MP, showed reduced DA release
indicates that low baseline measures of D2/D3 receptor availabil-
ity in the alcoholics reflect, as previously reported by postmortem
studies (Tupala et al., 2003), low levels of D2 receptors.

Finally smoking is a confound, but because 
90% of alcohol-
ics smoke (Batel et al., 1995), our findings are clinically relevant
to the majority of alcoholics.

Conclusion
These results are consistent with the hypothesis of a loss of the
prefrontal modulation of DA cell activity in alcoholics and of
profound decreases in DA activity in these subjects. The relation-
ship between the blunted DA increase in VS and the reduced
rewarding responses to MP suggests that DA abnormalities may
underlie the anhedonia experienced by alcoholics and may con-
tribute to their risk for alcohol abuse as a mechanism to compen-
sate for this deficit. These findings suggest that interventions to
restore prefrontal regulation and the DA deficit could be thera-
peutically beneficial in alcoholics.
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