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Objective: Substantial evidence from
animal models demonstrates that dopa-
mine release in the ventral striatum
underlies the reinforcing properties of
nicotine. The authors used [11C]raclopride
bolus-plus-continuous-infusion positron
emission tomography (PET) to determine
smoking-induced ventral striatum dopa-
mine release in humans.

Method: Twenty nicotine-dependent
smokers (who smoked ≥15 cigarettes/day)
underwent a [11C]raclopride bolus-plus-
continuous-infusion PET session. During
the session, subjects had a 10-minute
break outside the PET apparatus during
which 10 subjects smoked a cigarette and
10 did not smoke (as a control condition).

Results: The group that smoked had
greater reductions in [11C]raclopride bind-
ing potential in ventral striatum regions

of interest than the group that did not
smoke, particularly in the left ventral cau-
date/nucleus accumbens and left ventral
putamen (range for smoking group=–
25.9% to –36.6% reduction). Significant
correlations were found between change
from before to after the smoking break in
craving ratings and change from before to
after the break in binding potential for
these two regions.

Conclusions: Nicotine-dependent sub-
jects who smoked during a break in PET
scanning had greater reductions in
[11C]raclopride binding potential (an indi-
rect measure of dopamine release) than
nicotine-dependent subjects who did not
smoke. The magnitude of binding poten-
tial changes was comparable to that
found in studies that used similar meth-
ods to examine the effects of other addic-
tive drugs.

(Am J Psychiatry 2004; 161:1211–1218)

Substantial evidence from laboratory studies of ani-
mals demonstrates that dopamine release in the ventral
striatum underlies the reinforcing properties of nicotine
(1, 2). Microdialysis (3–6), lesion (7), and imaging (8) stud-
ies in rats indicate that nicotine-induced dopamine re-
lease is strongest in this region and is more robust than the
dopamine release found in associated structures receiving
dopaminergic input, such as the dorsal striatum (3). Sev-
eral of these studies used nicotine doses that simulated
human cigarette smoking (4, 7, 8), and it has been re-
ported that nicotine-induced dopamine release is compa-
rable in magnitude to that induced by other addictive
drugs (4). A study of nonhuman primates (9) that used the
[11C]raclopride positron emission tomography (PET)
method also found nicotine-induced ventral striatum
dopamine release. In addition, one report (10) described a
difference between smokers and nonsmokers in 18F-fluoro-
dopa uptake (a measure of presynaptic dopamine activity)
during PET imaging. Smokers had greater tracer uptake in
the caudate and putamen than nonsmokers, suggesting
greater dopaminergic turnover in smokers. However, to
our knowledge, there have been no published reports of
smoking-induced ventral striatum dopamine release in
humans.

In recent years, the [11C]raclopride bolus-plus-continu-
ous-infusion PET method has been used increasingly for
the (indirect) measurement of dopamine release in re-

sponse to addictive drugs (11). [11C]Raclopride binds with
relative specificity to dopamine D2 (and D2-like) receptors
and has low affinity for D1 receptors (11, 12). [11C]Raclo-
pride binding potential (a measure of D2 receptor occu-
pancy) has been demonstrated to have an inverse linear
relationship with extracellular dopamine concentration,
as measured with microdialysis in nonhuman primates
(13). Because synaptic dopamine competes with [11C]raclo-
pride for D2 receptor binding, dopamine release is
thought to decrease [11C]raclopride binding potential di-
rectly (11). This method has been used to demonstrate
changes in synaptic dopamine concentration in response
to cocaine (14), amphetamine (15–17), and methylpheni-
date (18) administration in humans, as well as to nicotine
(9, 19), cocaine (20, 21), and amphetamine (22, 23) admin-
istration in animals. Decreases in [11C]raclopride binding
potential have also been demonstrated in response to
nonpharmacological stimuli, such as placebo administra-
tion (24), meditation (25), and playing a video game (26).
Test-retest reliability of the [11C]raclopride method is
strong, especially for binding potential (27, 28), the mea-
sure of [11C]raclopride binding used here.

We sought to determine ventral striatum dopamine
release in response to cigarette smoking in nicotine-
dependent human subjects by using [11C]raclopride PET.
We also sought to determine if smoking-induced changes
in dopamine concentration were associated with changes
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in smoking-related clinical states, such as craving and
anxiety.

Method

Subjects

Twenty smokers who smoked ≥15 cigarettes/day and who met
the DSM-IV criteria for nicotine dependence completed the study.
The subjects were adults (age 21–65 years) and were screened ini-
tially during a telephone interview in which medical, psychiatric,
and substance abuse histories were obtained. All subjects passing
this screening were assessed in person by using screening ques-
tions from the Structured Clinical Interview for DSM-IV (29). Sub-
jects were excluded for any history of an axis I psychiatric diagno-
sis other than nicotine dependence. Subjects were also excluded if
they were currently taking medication or had any history of a
medical condition that might affect the central nervous system at
the time of scanning (e.g., current treatment with a beta-blocker or
analgesic medication, history of head trauma with loss of con-
sciousness, history of epilepsy). Pregnancy was an exclusion crite-
rion because of the potential risk to a fetus of radiation exposure.
Subjects who occasionally used alcohol, caffeine, or other drugs
but did not meet the criteria for abuse or dependence were al-
lowed to participate in the study but were instructed to abstain
from using these substances for 24 hours before scanning (72
hours for marijuana; verified by urine toxicology screen). Subjects
who drank more than the equivalent of two cups of coffee per day
(200 to 300 mg/day of caffeine) were also excluded, as were sub-
jects who experienced caffeine withdrawal symptoms (such as ir-
ritability, flushing, or headache) temporally associated with caf-
feine ingestion. After complete description of the study to the
subjects, written informed consent was obtained.

[11C]Raclopride PET Scanning

The general procedures of the study were that subjects under-
went a single  [11C]raclopride bolus-plus-continuous-infusion
PET session, along with a structural magnetic resonance imaging
(MRI) session within 1 week of the PET session. For the PET ses-
sion, subjects were assigned (alternately) either to smoke or not
smoke during the scanning session, as described in more detail
later in this section.

All study subjects were instructed to smoke as per their usual
habit on the morning of the PET session and to smoke a cigarette
immediately before the session, which began at noon. Rating
scales were then administered, including screening questions
from the Structured Clinical Interview for DSM-IV (29), the Urge
to Smoke Scale (30), state anxiety questions from the Spielberger
State-Trait Anxiety Inventory (31), and the Hamilton Depression
Rating Scale (32). The subjects’ exhaled carbon monoxide (CO)
level, a rough estimate of recent smoking intensity, was measured
before [11C]raclopride injection.

Subjects had a 20-gauge intravenous catheter placed at 1:45
p.m., and were positioned (for acquisition of planes parallel to the
orbital-meatal line) on the PET scanner at 2:00 p.m. Scanning was
initiated at 2:10 p.m. with a slow bolus injection of 5 mCi
[11C]raclopride in a 20-ml normal saline solution over a 60-sec-
ond period, followed by continuous infusion of the tracer (3 mCi/
hour) for the remainder of the testing session. This bolus-plus-
continuous-infusion method was performed as described in prior
studies (23, 33). Brain scans were acquired continuously for the
next 50 minutes.

At 3:00 p.m., subjects were taken off the scanner with the infu-
sion still continuing and had a 10-minute break in an outdoor
area adjacent to the PET scanning room. Ten of the 20 subjects
smoked one cigarette (their favorite brand) during this period,
while the remaining subjects stood in the same outdoor area but

did not smoke, as a control condition. The 3-hour period of absti-
nence before this break was chosen on the basis of a previous
study showing that craving peaks at about this time in nicotine-
dependent smokers (34). Smoking a cigarette (rather than receiv-
ing nicotine administration) was chosen as the test condition be-
cause it was felt to have a greater likelihood of providing reward
for smokers in this initial study. Six subjects smoked regular ciga-
rettes (nicotine content: 1.1 mg), and the remaining four smoked
light cigarettes (nicotine content: 0.7 mg [two subjects] or 0.8 mg
[two subjects]). A study investigator (A.L.B. or R.E.O.) monitored
subjects continuously during the break. After the break, subjects
were quickly repositioned (less than a minute) in the scanner by
using a preplaced mark on their forehead and a laser light from
the scanner. Subjects were then scanned for 30 more minutes.

Cigarette craving and anxiety levels were monitored with the
Urge to Smoke Scale and State-Trait Anxiety Inventory, respec-
tively, at four time points: before bolus injection, at the beginning
and end of the break, and after the postbreak scan. In addition to
the 20 subjects reported on here, three additional subjects were
scanned, but one subject had a Hamilton depression scale score
greater than 10 (indicating significant symptoms of depression),
while two others admitted to daily drug use (one with marijuana
and the other with 3,4-methylenedioxymethamphetamine). Data
from these three subjects were omitted from this analysis.

PET scans were acquired with an ECAT 953 scanner (CTI-Sie-
mens, Knoxville, Tenn.) with 31 slices in the two-dimensional
mode. The average transaxial resolution of this camera is 5.6
mm full width at half maximum, with plane spacing of 3.4 mm.
Scans were acquired as 10 prebreak and six postbreak 5-minute
frames. [11C]Raclopride was prepared by an established proce-
dure (35, 36).

MRI Scanning

An MRI scan of the brain was obtained from each research par-
ticipant. The MRI had the following specifications: three-dimen-
sional Fourier-transform spoiled-gradient-recalled acquisition
with TR=30 msec, TE=7 msec, 30° angle, two acquisitions,
256×192 view matrix. The acquired volume was reconstructed as
roughly 90 contiguous 1.5-mm thick transaxial slices. MRI-to-PET
coregistration was performed by using the automated image reg-
istration method (37). These coregistered images were visually as-
sessed and then manually realigned thereafter to optimize co-
registration. The MRI scan was used to confirm the absence of
structural brain abnormalities and to aid in localization of drawn
regions of interest.

PET Image Analysis

Regions were drawn on transaxial summed PET images from
both the pre- and postbreak series of frames (0 to 50 minutes and
60 to 90 minutes) with reference to coregistered MRI scans. Con-
sistency between data obtained with PET and MRI region-of-in-
terest drawing has previously been reported for [11C]raclopride
PET (38). Two regions of interest were drawn bilaterally—the ven-
tral caudate/nucleus accumbens and putamen (Figure 1), con-
sisting of three slices each. Two additional regions of interest
(dorsal caudate and dorsal putamen, consisting of three slices
each) were drawn bilaterally as control regions. For this study, the
ventral caudate/nucleus accumbens region of interest corre-
sponded to the region reported by others as being associated with
the rewarding properties of other addictive drugs (15–17). A single
region-of-interest slice of cerebellum was drawn as a reference re-
gion. Interrater reliability performed for this study by using mean
counts in three complete sets of regions of interest (including the
cerebellar region of interest) was 0.99 (range for the three subjects
was 0.99 to 1.00).

Binding potential for regions of interest was calculated by us-
ing the simplified reference tissue model (39), with binding po-
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tential=Bmax/Kd = CROI/Ccerebellum – 1, where C is radioligand con-
centration and ROI is the region of interest. The PET scanning
time periods of interest were the 10 minutes before and the 10
minutes after the break, so that mean count densities used for
data analysis (for the regions of interest, including the cerebellar
region of interest) were the averages from the two 5-minute
frames before and after the break. This time frame is similar to
one that has been recommended as optimal for signal-to-noise
ratio (40).

Statistical Analysis

Means for the two study groups were determined for demo-
graphic characteristics, exhaled carbon monoxide levels, and rat-
ing scale scores. These variables were compared between groups
by using Student’s t tests. In addition to these baseline compari-
sons, differences in mean changes pre- to postbreak in craving
(Urge to Smoke Scale) and state anxiety (State-Trait Anxiety In-
ventory) ratings were assessed by using Student’s t tests. Mean
Urge to Smoke Scale and State-Trait Anxiety Inventory state anxi-
ety scores were reported as the mean score per item on scales
ranging from 0 to 6 and from 1 to 4, respectively.

To examine pre- to postbreak group differences in regional
[11C]raclopride binding, a repeated-measures multivariate analy-
sis of covariance (MANCOVA) was performed by using [11C]raclo-
pride binding potential for the two regions of interest bilaterally
pre- and postbreak as the repeated measures and group (no
smoking versus smoking) as the between-subject factor. Age and
sex were used as nuisance covariates in this (and all) analyses,
given reports of differences in D2 receptor density associated with
these variables (41, 42). On the basis of the results of this overall

analysis, repeated-measures analyses of covariance (ANCOVAs)
were performed for individual experimental regions of interest to
determine which ones accounted for the between-group dif-
ference. Repeated-measures ANCOVAs (using the variables de-
scribed earlier) were also performed for control regions of inter-
est. For descriptive purposes, percentage change in binding
potential was calculated as 100 times the mean region-of-interest
change in binding potential divided by the pretreatment mean
binding potential.

For regions of interest found to have significant effects in the
preceding analyses, Pearson product-moment correlation coeffi-
cients were determined for the relationship between change in
region-of-interest binding potential and change in mean Urge to
Smoke Scale and State-Trait Anxiety Inventory scores. The corre-
lations were done to determine if change in extracellular dopa-
mine concentration was associated with change in craving and
anxiety states, respectively, with the recognition that the modest
number of study subjects did not permit a meaningful evaluation
of the effect of group on these correlations.

Results

There were no significant differences between the
groups at baseline in demographic characteristics, CO lev-
els, or rating scale scores (Table 1). There were also no
significant prebreak between-group differences in bind-
ing potential for any of the regions of interest (Student’s t
tests, two-tailed, range of p values=0.14 to 0.89). As ex-
pected, from pre- to postbreak, the group that smoked had

FIGURE 1. Regions of Interest Drawn on a Summed PET Scan of a Subject in a Study of Smoking-Induced Dopamine
Release in the Ventral Striatuma

a Experimental regions of interest were the left and right ventral caudate/nucleus accumbens and ventral putamen. Control regions were the
left and right dorsal caudate and putamen.

Ventral Caudate/Nucleus Accumbens Ventral Caudate/Nucleus Accumbens Ventral Caudate/Nucleus Accumbens

Ventral Putamen Ventral Putamen

Dorsal Caudate Dorsal Caudate Dorsal Caudate

Ventral Putamen Dorsal Putamen Dorsal Putamen
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a significantly greater reduction in craving (mean Urge to
Smoke Scale score) than the group that did not smoke
(Student’s t test, two-tailed, p<0.0001). No difference was
found between groups in pre- to postbreak change in state
anxiety (as measured by the State-Trait Anxiety Inventory)
(Student’s t test, two-tailed, p=0.64).

In the overall repeated-measures MANCOVA, a signifi-
cant between-group effect was found (F=7.6, df=1, 16,
p<0.02), indicating an overall group difference in change
in [11C]raclopride binding potential in ventral striatum re-
gions between those who did and did not smoke (Figure
2). Follow-up repeated-measures ANCOVAs for specific re-
gions demonstrated that the group that smoked had sig-
nificantly greater reductions in binding potential in the
left ventral caudate/nucleus accumbens (F=5.3, df=1, 16,
p=0.04) and left ventral putamen (F=9.9, df=1, 16, p=0.006)
than the group that did not smoke (Table 2). The differ-
ence in the reduction in binding potential in the right ven-
tral caudate/nucleus accumbens did not reach signifi-
cance (F=3.3, df=1, 16, p=0.09). The right ventral putamen
and control regions of interest did not have significant be-
tween-group differences in binding potential change. Per-
cent changes in the experimental regions of interest for
those who did not smoke versus those who did smoke
were –1.1% versus –30.5% for the left ventral caudate/
nucleus accumbens, –9.2% versus –36.6% for the left ven-
tral putamen, 0.0% versus –25.9% for the right ventral
caudate/nucleus accumbens, and –13.6% versus –29.7%
for the right ventral putamen. All regions of interest had
greater mean reductions in binding potential from pre- to
postbreak in the group that smoked than in the group that
did not smoke (Table 2).

Among the regions in which differences reached signifi-
cance in the preceding analysis, the change in binding po-
tential in both the left ventral caudate/nucleus accum-
bens (r=0.49, df=18, p=0.04) and putamen (r=0.65, df=18,
p=0.004) was significantly and positively associated with
change in the Urge to Smoke Scale score, possibly indicat-
ing that dopamine release in these regions is associated
with decreased craving.

TABLE 1. Characteristics of Cigarette Smokers in a PET Study of Smoking-Induced Dopamine Release in the Ventral Stria-
tum, by Whether Subjects Smoked During a Break in [11C]Raclopride PET Scanning

Characteristic
No-Smoking Group 

(N=10)
Smoking Group 

(N=10) Analysis
N % N % χ2 (df=1) p

Female gender 3 30 2 20 0.23 0.61

Mean SD Mean SD t (df=18) p

Age (years) 35.4 8.8 36.7 16.2 0.22 0.83
Packs of cigarettes smoked/daya 1.2 0.4 1.5 0.6 1.01 0.33
Smoking history (pack-years)b 21.8 12.0 25.5 25.5 0.42 0.68
Exhaled carbon monoxide (ppm)c 12.4 4.5 13.4 4.7 0.42 0.68
17-item Hamilton Depression Rating Scale score 2.1 2.0 2.3 2.8 0.18 0.86
Urge to Smoke Scale score (range=0–6)

Prebreak 4.5 1.3 5.1 1.0 1.01 0.33
Change from pre- to postbreak –0.3 0.6 –4.3 1.4 8.43 <0.0001

Spielberger State-Trait Anxiety Index state anxiety score 
per item (range=1–4)
Prebreak 1.1 0.2 1.3 0.2 1.54 0.14
Change from pre- to postbreak –0.7 1.6 –0.2 3.0 0.48 0.64

a At the time of PET scanning.
b Pack-years = (number of packs smoked per day × number of years as a smoker) – periods of abstinence.
c Before PET scanning (after about 1 hour and 45 minutes of smoking abstinence).

FIGURE 2. Change in Dopamine D2 Receptor Binding
Potential in the Ventral Striatum of Cigarette Smokers, by
Whether Subjects Smoked During a Break in PET Scanninga

a Five subjects who smoked had greater reductions in ventral stria-
tum D2 binding potential than all 10 subjects who did not smoke.
All 10 subjects who smoked had overall reductions in ventral stria-
tum D2 binding potential.

b D2 binding potential was measured with [11C]raclopride, the radio-
ligand used in the bolus-plus-continuous-infusion PET study. Vol-
ume-weighted mean changes for the ventral striatum include all
four experimental regions of interest (left and right ventral caudate
and left and right ventral putamen).
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Discussion

Nicotine-dependent subjects who smoked a cigarette
during PET scanning had greater reductions in [11C]raclo-
pride binding potential (an indirect measure of dopamine
release) than nicotine-dependent subjects who under-
went the same procedure but did not smoke. These group
differences were significant in the ventral striatum (left
ventral caudate/nucleus accumbens and putamen; the
difference for the right ventral caudate/nucleus accum-
bens did not reach significance) and were numerically
present in all basal ganglia regions studied (including both
ventral and dorsal regions). These results provide evi-
dence for smoking-induced dopamine release in humans.
Furthermore, reductions in binding potential in the left
ventral caudate/nucleus accumbens and putamen were
significantly associated with reductions in self-reports of
craving, possibly indicating an association between dopa-
mine release and craving reduction.

The magnitudes of smoking-induced decreases in
ventral striatal [11C]raclopride binding potential (–25.9% to
–36.6%) here were similar to those found in human (and
nonhuman primate) studies that used the [11C]raclopride
PET method paired with administration of amphetamine
(–15% to –42%) (15–17, 22, 23), cocaine (–29%) (20), or
methylphenidate (–32%) (20). Changes here were also
greater than those observed in studies that used similar
methods paired with nonpharmacological stimuli (–7.9%
to –21.2%) (24–26). Microdialysis studies in animals have
demonstrated that doses of nicotine that emulate human
smoking result in roughly a doubling (on average) of extra-
cellular dopamine concentration (range=26% to 600%,
depending on dose) in the nucleus accumbens (3–6, 8).
Furthermore, one study indicated that dopamine concen-

trations increase more with cocaine (330%) (3) or amphet-
amine (550%) (3) than with nicotine, while another (4) in-
dicated similarities between nicotine and other addictive
drugs.

There are several potential explanations for the similar-
ity between the magnitude of the current findings and
those of studies of other addictive drugs. In [11C]raclo-
pride PET studies of other drugs, nonaddicted subjects
have most often been studied. In contrast, our study in-
cluded nicotine-dependent smokers and was designed to
elicit the greatest possible change in ventral striatum
binding potential by examining change in this measure in
nicotine-dependent subjects at a time point (after 3 hours
of abstinence) when craving for cigarettes has been re-
ported to be at its peak (34) and then having them smoke.
Indeed, subjects in this study had a mean craving score of
about 80% of the maximum score on the Urge to Smoke
Scale (Table 1) at the 3-hour time point before the break in
scanning. This design feature may have maximized the
changes in binding potential so that they were compara-
ble to those seen in prior studies with potent dopamine-
releasing drugs (e.g., amphetamine, cocaine, or meth-
ylphenidate). An alternative explanation is that there is an
upper limit to possible displacement of [11C]raclopride
binding potential detectable with PET and that all dopa-
mine-releasing drugs reach this limit of displacement. A
third possibility is that in humans smoking produces
changes in dopamine concentration that are comparable
to those seen with other drugs of dependence, regardless
of the subjects being studied.

The correlation found here between craving and left
ventral caudate/nucleus accumbens (and putamen) bind-
ing potential is consistent with the theory that increases in
ventral striatum dopamine concentration are associated

TABLE 2. Dopamine D2 Receptor Binding Potential in Brain Regions of Interest in Cigarette Smokers, by Whether Subjects
Smoked During a Break in [11C]Raclopride PET Scanning

D2 Receptor Binding Potentiala

No-Smoking Group (N=10) Smoking Group (N=10)

Prebreak Postbreak Change Prebreak Postbreak Change Analysisb

Region of Interest Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD F (df=1, 16) p
Experimental regions 

of interest
Ventral caudate/

nucleus accumbens
Left 1.74 0.63 1.72 0.51 –0.02 0.34 2.20 0.88 1.53 0.75 –0.67 0.87 5.29 0.04
Right 1.79 0.41 1.79 0.65 0.00 0.68 2.28 0.92 1.69 1.19 –0.59 0.69 3.26 0.09

Ventral putamen
Left 2.17 0.52 1.97 0.40 –0.20 0.34 2.65 1.00 1.68 0.84 –0.97 0.73 9.95 0.006
Right 2.35 0.65 2.02 0.48 –0.32 0.43 2.59 1.15 1.82 0.75 –0.77 1.05 1.46 0.24

Control regions 
of interest
Dorsal caudate

Left 2.35 0.58 2.22 0.35 –0.13 0.45 2.40 1.18 1.84 0.60 –0.56 1.16 1.20 0.29
Right 2.37 0.52 2.31 0.31 –0.06 0.32 2.30 1.06 1.84 0.63 –0.46 0.75 2.52 0.13

Dorsal putamen
Left 2.41 0.59 2.00 0.38 –0.41 0.60 2.60 1.25 1.78 0.69 –0.82 1.03 0.98 0.34
Right 2.33 0.51 2.09 0.30 –0.25 0.62 2.28 1.06 1.86 0.69 –0.41 1.04 0.16 0.69

a Binding potential = Bmax/Kd = CROI/Ccerebellum – 1, where C is the radioligand concentration and ROI is the region of interest. 
b Repeated-measures analysis of covariance with group as the between-subject factor and age and sex as covariates.
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with craving reduction and satiety. This relationship is
supported by research with animal models of nicotine de-
pendence (43), other drug dependencies (44, 45), food (46,
47), and sex (48, 49). The current findings are also in agree-
ment with the prior report of euphoria ratings correlating
inversely with [11C]raclopride binding potential in the
ventral striatum (17) (assuming that craving and euphoria
are opposing states).

Study findings also support the use of medications that
modulate the dopamine system for the treatment of nico-
tine dependence. Bupropion hydrochloride (HCl) is widely
used in the treatment of nicotine dependence and is known
to block presynaptic reuptake of dopamine (50, 51), al-
though this effect has been reported to be somewhat weak
(52). Bupropion HCl has also been shown to increase syn-
aptic ventral striatum dopamine concentrations with both
acute (53) and chronic (54) administration, although at
least one study found greater effects on nondopaminergic
systems with bupropion HCl (55). In addition, other med-
ications that enhance dopamine neurotransmission, such
as the dopamine agonist bromocriptine (56) and the mono-
amine oxidase-B inhibitor l-deprenyl (57) decrease the
number of cigarettes smoked in nicotine-dependent sub-
jects and reduce associated withdrawal symptoms. Dopa-
mine receptor antagonists (including haloperidol [58] and
others [43]) have also been shown to acutely diminish
smoking behavior, although one study reported the oppo-
site effect with haloperidol (59). Thus, change in dopa-
minergic tone (either through enhancement of dopamine
neurotransmission, acute stimulation, or acute blockade)
appears to be effective in reducing smoking behavior in
nicotine-dependent subjects.

Results of the study should be interpreted in the context
of several limitations. First, subjects were removed from
the scanner and repositioned after smoking, which could
potentially lead to differences in region placement on pre-
and postbreak scans because of imperfect repositioning.
Although efforts were made to reposition the subjects pre-
cisely (by using a laser light from the scanner and mark-
ings on the subject’s head) and to draw regions by using
the same criteria on pre- and postbreak scans, the possi-
bility remains that region placement was different for the
two scans. For the present study, removing subjects from
the scanner to smoke was done in a deliberate attempt to
emulate naturalistic smoking (based on the hypothesis
that this method would lead to the greatest change in
dopamine concentration). A second potential confound is
that smoking might alter [11C]raclopride binding potential
by effects on blood flow (60, 61) rather than dopamine re-
lease. If global blood flow increased uniformly and radioli-
gand delivery to the striatum and cerebellum increased
equally, the [11C]raclopride binding potential ratio would
be expected to decrease in those who smoked. However, in
the current group of subjects, cerebellar radioactivity did
not increase significantly for either study group (–4% for
the smoking group and –2% for the comparison group).

Furthermore, [15O]H2O PET studies have not demon-
strated changes in striatal blood flow in response to nico-
tine (19, 62–65). Taken together, these findings indicate
that it is unlikely that smoking-related blood flow changes
confounded our study results. Third, although subjects
were monitored continuously during the break while they
were standing in the outdoor area, subtle movements of
hands or feet were not systematically examined. Rapid re-
petitive movements, such as finger tapping (66) and foot
extension/flexion (67) (but not vigorous exercise [68]),
have been shown to decrease [11C]raclopride binding po-
tential, although the decreases in binding potential in the
past studies were generally smaller than those seen here. A
fourth limitation was the modest number of subjects.

To our knowledge, this study is the first to demonstrate
dopamine release (indirectly) in response to human ciga-
rette smoking and craving alleviation. The present study
supports continued attempts to develop medications that
alter dopaminergic tone for the treatment of nicotine
dependence.
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