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ABSTRACT In common with many addictive substances and behaviors nicotine
activates the mesolimbic dopaminergic system. Brain microdialysis studies in rodents
have consistently shown increases in extrasynaptic DA levels in the striatum after
administration of nicotine but PET experiments in primates have given contradicting
results. A recent PET study assessing the effect of smoking in humans showed no
change in [11C]raclopride binding in the brain, but did find that ‘‘hedonia’’ correlated
with a reduction in [11C]raclopride binding suggesting that DA may mediate the posi-
tive reinforcing effects of nicotine. In this experiment we measured the effect of nico-
tine, administered via a nasal spray, on DA release using [11C]raclopride PET, in 10
regular smokers. There was no overall change in [11C]raclopride binding after nicotine
administration in any of the striatal regions examined. However, the individual
change in [11C]raclopride binding correlated with change in subjective measures of
‘‘amused’’ and ‘‘happiness’’ in the associative striatum (AST) and sensorimotor stria-
tum (SMST). Nicotine concentration correlated negatively with change in BP in the
limbic striatum. Nicotine had significant effects on cardiovascular measures including
pulse rate, systolic blood pressure (BPr), and diastolic BPr. Baseline [11C]raclopride
binding potential (BP) in the AST correlated negatively with the Fagerström score, an
index of nicotine dependence. These results support a role for the DA system in nico-
tine addiction, but reveal a more complex relationship than suggested by studies in
animals. Synapse 61:637–645, 2007. VVC 2007 Wiley-Liss, Inc.

INTRODUCTION

Tobacco addiction is a significant public health prob-
lem causing the premature death of an estimated 5 mil-
lion people world-wide per annum (Doll et al., 2004;
Ezzati and Lopez, 2003). Nicotine, the major active com-
ponent of tobacco products (Stolerman and Jarvis,
1995), has addictive properties, demonstrated by its
effects in a variety of experimental paradigms. For
example, rodents will repeatedly self-administer nico-
tine (for example, Corrigall and Coen, 1989), which acts
as a positive reinforcer in conditioned place preference
paradigms (for example, Fudala et al., 1985).

In common with many addictive substances, the
addictive properties of nicotine may be associated
with activation of the dopaminergic system (Balfour
et al., 2000; Pontieri et al., 1996). Nicotinic receptors
are found on mesolimbic and nigrostriatal dopaminer-
gic neurons (Clarke and Pert, 1985) and nicotine
given intraperitoneally increases interstitial DA con-

centrations for example, in the nucleus accumbens
(Benwell and Balfour, 1997; Imperato et al., 1986)
and caudate (Benwell and Balfour, 1997; Di Chiara
and Imperato, 1988) and increases the firing rate of
dopaminergic neurones (Grenhoff et al., 1986; Zhang
and Sulzer, 2004). Consistent with these observations,
infusion of the nicotinic antagonist mecamylamine
attenuates the DA increases induced by nicotine
(Nisell et al., 1994) that perhaps explains mecamyl-
amine’s mechanism of action in treating nicotine
addiction (George and O’Malley, 2004). Recent evi-
dence from fast-scan cyclic voltammetry in rat brain
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slices has suggested that the activity state of the do-
paminergic neurones determines their response to
nicotine (Rice and Cragg, 2004; Zhang and Sulzer,
2004). When in the tonic firing state, nicotine reduced
DA release, whereas in the phasic state, the release
of DA is enhanced by nicotine, suggesting that nico-
tine has a role in amplifying signal differences
between tonic and phasic states.

Radioligands for DA D2 receptors, the binding of
which are sensitive to the concentration of endogenous
neurotransmitter, allow measurement of changes in
neurotransmitter concentration in man following phar-
macological challenges (Dewey et al., 1993; Laruelle,
2000). PET studies of nicotine administration in prima-
tes, using the radioligand [11C]raclopride to index
changes in striatal DA, have given contradictory
results. Initially nicotine administration was shown to
reduce [11C]raclopride binding, indicating increased DA
concentration (Dewey et al., 1999) in a single monkey.
Subsequently, however, it was suggested that this
reduction in [11C]raclopride binding was due to the iso-
flurane anesthesia rather than a specific nicotine effect,
although nicotine did increase DA synthesis (Tsukada
et al., 2005). However, a recent study in ketamine anes-
thetized rhesus monkeys reported 5% reductions in
[11C]raclopride binding after nicotine (Marenco et al.,
2004). In pigs both high (500 mg/kg) and low (50 mg/kg),
dose nicotine exposure was associated with reductions
of [11C]raclopride binding (Cumming et al., 2003),
although the changes at the low dose did not survive
correction for multiple comparisons.

In man, smoking was not shown to decrease [11C]
raclopride binding, but there was a significant corre-
lation between reduction in [11C]raclopride binding
and increase in self-reported ‘‘euphoria’’ (Barrett
et al., 2004). However, the subjective response to
smoking is not exclusively nicotine dependent for
example, smoking denicotinised cigarettes reduces
craving (Brauer et al., 2001). It remains possible
therefore the changes in [11C]raclopride binding
observed by Barrett et al. (2004) relate to the reward
associated with smoking, reward itself having been
associated with reductions in [11C]raclopride binding
(Small et al., 2003; Zald et al., 2004), rather than nic-
otine itself. Large reductions in [11C]raclopride bind-
ing after cigarette smoking (Brody et al., 2004) were
initially reported by a group which more recently
found an 8.4% reduction in [11C]raclopride binding,
which was significantly related to genotype (dopamine
transporter (DAT), catechol-o-methyl transferase, D4

receptor) (Brody et al., 2006).
In this study we measured the response of the DA

system to nicotine in a group of smokers using bolus-
infusion [11C]raclopride PET. Nicotine was adminis-
tered directly by nasal spray, instead of via cigarette
smoking, to distinguish its effects from smoking
reward related changes in the DA system. In view of

previous work in man we hypothesized that DA
release would correlate with positive subjective mood
increases.

METHODS
Volunteers

Volunteers were recruited via advertisement. Inclu-
sion criteria were that volunteers should have been
regular smokers for more than 6 months and were
currently smoking three or more cigarettes daily.
Exclusion criteria were: presence of current or previ-
ous psychiatric or neurological disorder; any previous
exposure to stimulant drugs other than nicotine. The
study was approved by the Hammersmith, Queen
Charlotte’s and Chelsea and Acton Hospitals Re-
search Ethics Committee. All volunteers provided
written informed consent prior to inclusion in the
study.

PET scanning

Volunteers were scanned on one occasion with
[11C]raclopride administered as a bolus followed by
constant infusion with a kbol ¼ 105 min (Watabe
et al., 2000). Using this kbol 57% of the total adminis-
tered radioactivity is given as the bolus, with 43%
during the infusion. This method of administration
avoids the potentially artifactual effects of blood flow
change during the scan by establishing a state of
equilibrium (Carson et al., 1997). Data was acquired
using a Siemans ECAT 966 PET camera (full width
half maximum resolution 5.1 mm) (Spinks et al.,
2000) over 100 min. Volunteers were asked to abstain
from smoking for at least 12 h before scanning. Com-
pliance with this request was monitored by verbal
enquiry and a carbon monoxide breath test (excluded
if carbon monoxide > 5 ppm). Subjects lay at rest in
the darkened, quiet scanning room for the duration of
the scan. Nicotine was administered by the scan oper-
ator at a dose of 2 mg intranasally from a proprietary
dispenser (Nicorette') 50 min after starting the infu-
sion of [11C]raclopride. This dose of intranasal nico-
tine produces comparable plasma levels to smoking a
cigarette (Sutherland et al., 1992).

Two sampling periods were measured: 38–50 min
corresponding to the rest period of the scan and 58–
100 min corresponding to the post nicotine period.
Head movement was corrected using a frame-by-
frame (FBF) realignment procedure based on that
described (Montgomery et al., 2006). To reduce the
influence of redistribution of radiotracer producing
erroneous realignments (Dagher et al., 1998) nonat-
tenuation corrected (non-AC) images were used for
realignment. These images have a significant scalp
signal compared with attenuation corrected images
which provides more information for the realignment
algorithm. The non-AC dynamic image was denoised
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using a level 2, order 64 Battle Lemarie wavelet
(Battle, 1987; Turkheimer et al., 1999). Frames were
realigned to a single 5 min frame acquired 25 min
postinjection which had a high signal to noise ratio,
using a mutual information algorithm (Studholme
et al., 1997) and the transformation parameters were
then applied to the corresponding attenuation cor-
rected dynamic images. This procedure was applied
to all 28 frames to generate a FBF corrected dynamic
image. BP was calculated as the ratio (striatal
counts/cerebellar counts)-1 in each sampling period.
Using this methodology we have recently reported
test-retest reliability data for [11C]raclopride scans
(Montgomery et al., 2006). Power calculation sug-
gests that with 10 volunteers and a test-retest vari-
ability in the limbic striatum (LS) of 9.1%, it is possi-
ble to detect a change in BP of 9% with a power of
0.8 and a ¼ 0.05.

Region of interest analysis

Striatal and cerebellar regions of interest were
defined on a magnetic resonance (MR) scan positioned
in standard Montreal neurological institute (MNI)
space. The distinction between striatal subregions
was based on previously described criteria (Martinez
et al., 2003). Subregions examined were LS, associa-
tive striatum (AST), and sensorimotor striatum (SMST)
with right and left ROI combined. An [11C]raclopride
template was constructed in MNI space (Meyer et al.,
1999). The [11C]raclopride template was then spa-
tially transformed to individual PET space within
SPM 99 (Available at: www.fil.ion.ucl.ac.uk/spm) and
the resulting transformation parameters were used
to transform the striatal regions of interest into indi-
vidual space. Time-activity curves for individual
regions were generated using image analysis soft-
ware (Analyze AVW 3.0 Biomedical Imaging
Resource, Mayo Foundation).

Other parameters recorded

Volunteers completed the Fagerström nicotine ad-
diction inventory prior to PET scanning (Heatherton
et al., 1991). Subjective ratings of feelings (‘‘amused,’’
‘‘happy,’’ ‘‘sad,’’ ‘‘pain,’’ ‘‘tense,’’ ‘‘alert,’’ ‘‘buzz,’’
‘‘stress,’’ ‘‘anxious,’’ ‘‘frustrated,’’ ‘‘interested,’’ ‘‘want a
cigarette,’’ ‘‘nausea,’’ ‘‘fast heart-beat,’’ ‘‘dizzy,’’) were
recorded once during rest, and 20 min after nicotine
administration. Blood samples for the estimation of
plasma nicotine concentration were taken 5 min
before scanning commenced and 10 min after the
administration of nasal nicotine. Plasma nicotine was
estimated using a gas chromatographic method
(Feyerabend and Russell, 1990). Blood pressure (BPr)
and pulse rate were recorded every 10 min through-
out the scan.

Statistical analyses

All values are expressed as mean 6 standard devia-
tion. Statistical analyses were performed using the
Statistical Package for Social Sciences 12.0 (SPSS
Inc., Chicago, IL). Differences across conditions were
compared using repeated measures analysis of var-
iance (ANOVA). Post hoc t-tests were two-tailed. Cor-
relations between continuous data were assessed
using Pearson correlation coefficient, discontinuous
data with Spearman rho. Significance was set at the
P < 0.05 level.

RESULTS

Ten volunteers were recruited for the study. Demo-
graphic and radio-pharmaceutical details are shown
in Table I. The volunteers’ Fagerström score ranged
from 0 to 9 with the mean of 3.7. Only one volunteer
scored in the ‘high dependence’ range with the major-
ity (six) scoring in ’low or very low dependence’ range.
This overall low dependence score is reflected in the
relatively low number of cigarettes smoked in a day.
[11C]raclopride binding potentials (BP) and VAS
scores are in Table II.

Time-activity curves for the four ROIs are shown in
Figure 1. There was no significant effect of nicotine
on [11C]raclopride BP [F ¼ 0.001,9, P ¼ 0.99], with no
interaction between region and condition [F ¼
0.802,18, P ¼ 0.46]. There was no main effect of condi-

TABLE I. Demographic and radiopharmaceutical
details of volunteers

Age 30.4 6 4.7

Gender 7m, 3f
Fagerström score 3.7 6 2.8
Current cigarettes/day 10.9 6 6.6
Radioactivity injected (MBq) 309 6 20
Cold raclopride injected (mg) 6.3 6 4.7

TABLE II. Visual analogue scores (absolute change) and ROI
BP(percentage change)

Control Nicotine Change

Amused 5.0 6 2.4 4.6 6 1.8 �0.4 6 2.5
Happy 6.9 6 1.5 6 6 1.9 �0.9 6 1.5
Sad 7.9 6 1.7 7.6 6 2.6 �0.3 6 2.0
Painful 7.7 6 2.5 7.7 6 1.9 0 6 2.6
Tense 3.6 6 2.5 3.5 6 2.2 �0.1 6 3.5
Alert 6.2 6 1.8 4.6 6 2.2 �1.6 6 3.0
Stresses 3.2 6 2.1 3.3 6 2.2 0.1 6 2.8
Anxious 2.8 6 1.8 2.7 6 1.9 �0.1 6 2.3
Frustrated 8.6 6 1.5 6.9 6 2.8 �1.7 6 2.5
Interested 5.7 6 2.2 6.3 6 2.6 0.6 6 3.2
Want a cig 6.5 6 2.8 6.3 6 3.3 �0.2 6 0.9
Nauseous 8.9 6 1.6 8.2 6 2.4 �0.7 6 2.9
Buzz 8.3 6 2.7 7.9 6 2.2 �0.4 6 2.8
Dizzy 2.5 6 2.4 3.7 6 2.6 1.2 6 3.6
Fast heart 7.6 6 3.1 6.4 6 2.7 �1.2 6 4.2
LS BP 2.1 6 0.2 2.1 6 0.3 �0.6% 6 7.2
AST BP 2.4 6 0.2 2.4 6 0.2 �1.0% 6 5.0
SMST BP 2.7 6 0.2 2.7 6 0.2 1.1% 6 4.5

LS, limbic striatum; AST, associative striatum; SMST, sensorimotor striatum.
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tion (control or nicotine) on VAS scores [F ¼ 1.441,9, P
¼ 0.26], with no interaction between score and condi-
tion [F ¼ 0.8014,126 P ¼ 0.67]. Change in AST and
SMST [11C]raclopride BP correlated negatively with
absolute change in ‘‘amused’’ [r ¼ �0.84, P < 0.01,
and r ¼ �0.78, P < 0.01] respectively (Fig. 2a) and
with absolute change in ‘‘happy’’ [r ¼ �0.71, P ¼ 0.02,
and r ¼ �0.74, P ¼ 0.02] (Fig. 2b). Individuals who
showed reduced [11C]raclopride binding after nicotine
tended to show a positive mood response, with the op-
posite the case with those whose [11C]raclopride bind-
ing increased. AST [11C]raclopride BP change also
correlated negatively with ‘‘alert’’ [r ¼ �0.69, P ¼
0.03] with a trend in the SMST [r ¼ �0.56, P ¼ 0.09].
Change in LS [11C]raclopride BP did not correlate
with any VAS.

Plasma nicotine concentration was significantly
increased after nasal administration from 0.8 6 0.7
ng/ml to 5.8 6 2.3 ng/ml [t ¼ �7.18, P < 0.01]. Nico-
tine concentration 10 min after administration corre-
lated negatively with change of BP in LS [r ¼ �0.66,
P ¼ 0.04] (Fig. 3) but not in other regions. Change in
nicotine concentration did not correlate with change
in VAS scores.

The Fagerström score inversely correlated with
baseline BP in the AST [r ¼ �0.66, P ¼ 0.04] (Fig. 4)
with a trend to a correlation between baseline AST
and number of cigarettes smoked per day [r ¼ �0.58,
P ¼ 0.08]. The Fagerström score correlated negatively
with change in ‘‘want a cigarette’’ VAS [r ¼ �0.68,

P ¼ 0.03] but did not correlate with change in BP in
any region. The results of the correlational analysis
between the baseline [11C]raclopride BP and Fager-
ström score were confirmed at a voxel level using sta-
tistical parametric mapping version 2 (SPM2; Avail-
able at: www.fil.ion.ucl.ac.uk/spm) (Friston et al.,
1995) implemented in Matlab6.5. As this analysis was
confirmatory and hypothesis-led, the search area was
restricted to voxels within the striatum by application
of an explicit spatial mask. Parametric (BP) images
were first spatially normalized into MNI space using
a [11C]raclopride template (Meyer et al., 1999) and
the normalized BP images were then smoothed with
a Gaussian filter to 8 mm full-width half maximum.
Significance was defined as P < 0.01 uncorrected. The
inverse correlation between the Fagerström score and
the baseline BP was confirmed using SPM; increases
in BP were associated with decreases in the Fager-
ström score bilaterally in the striatum (Fig. 5). Corre-
lations between the number of cigarettes smoked per
day and baseline BP did not reach significance at the
P < 0.01 level using SPM.

There were significant effects of time on pulse rate
[F ¼ 30.3710,90, P < 0.01], diastolic BPr [F ¼
21.1310,90, P < 0.01] and systolic BPr [18.3010,90, P <
0.01] (Figs. 6a and 6b). Increase in nicotine concen-
tration correlated with difference in systolic BPr
between rest and nicotine conditions [r ¼ 0.76, P ¼
0.01]. Change in diastolic or pulse rate did not corre-
late with change in nicotine concentration.

Fig. 1. Time-activity curves for the ROIs. (a) cerebellum, (b) limbic striatum, (c) associative stria-
tum, (d) sensory-motor striatum. Filled squares represent mean values, x-axis minutes, y-axis kBq/ml.
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DISCUSSION

In this study we have replicated a previous finding
of a correlation between change in mood and change
in dorsal striatal [11C]raclopride binding (Barrett
et al., 2004) after nicotine exposure. The direction of
the [11C]raclopride change was differentiated by the
positive or negative subjective response to nicotine,
with reductions of [11C]raclopride binding (associated
with increased DA release) associated with increased
positive mood, and vice versa. We also found that
baseline DA D2 receptor binding correlated negatively
with the Fagerström score such that higher or greater

dependence was associated with lower DA D2 receptor
levels. As in Barrett et al. there was no overall
change in BP across the whole group despite clear
individual responses to nicotine. Together, these two
studies employing different scanning methodologies
and route of administration provide strong evidence
that the ‘pleasure’ from smoking a cigarette is related
to DA release in the brain.

The lack of overall change in [11C]raclopride bind-
ing, indicative of no group change in striatal DA
concentration, is in contrast to the large number of

Fig. 2. (a) Correlation between change in associative striatum (AST) and sensorimotor striatum
(SMST) BP (negative values indicate increased DA release) and change in ‘‘amused’’ VAS (negative
values indicate less ‘‘amused’’ after nicotine administration). (b) Correlation between change in AST
and SMST BP and change in ‘‘happy’’ VAS.

Fig. 3. Correlation between nicotine concentration (ng/ml) and
change in LS BP.

Fig. 4. Baseline BP in the associative striatum (AST) and
Fagerström score.
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studies in rodents where increases in DA release,
measured with microdialysis, occur after nicotine
administration (e.g., (Marshall et al., 1997; Nisell
et al., 1994). It is, however, more consistent with PET
studies in primates which have shown mixed results.
The single study in man to show large reductions in
[11C]raclopride binding after smoking (Brody et al.,
2004) did not make corrections for head motion dur-
ing scanning, raising the possibility that the findings
were artifactual (Dagher et al., 1998; Montgomery

et al., 2006). This inconsistency between rodent and
primate studies may partly arise from cross species
dosing differences, but may also reflect the fact that
rodent studies have typically used much higher doses
[e.g., 0.4 mg/kg (Cadoni and Di Chiara, 2000)], while
PET studies in primates used smaller doses e.g., 20
mg/kg (Dewey et al., 1999), 32–100 mg/kg (Tsukada
et al., 2002, 2005), 10–60 mg/kg (Marenco et al.,
2004). Supportive of this suggestion is the result of a
PET study in pigs which showed [11C]raclopride dis-

Fig. 5. Glass brain views of
SPM analysis of correlation between
Fagerström score and BP (upper
row sagittal view, lower row axial
view). Higher baseline BP was asso-
ciated with lower Fagerström score
bilaterally in the striatum. Specifi-
cally, this achieved a significance
level of P ¼ 0.007 (z ¼ 2.45) on the
left side (Talairach peak coordinates:
x ¼ �23; y ¼ 16; z ¼ �1, left col-
umn), and approached significance
on the right side (P ¼ 0.017; z ¼
2.12) (Talairach peak coordinates: x
¼ 13; y¼ 12; z¼ �7, right column).

Fig. 6. (a) pulse rate (b) diastolic and systolic blood pressure. Nicotine was administered at t ¼ 50
min. Bars indicate standard deviation.
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placement after a large dose (500 mg/kg) of nicotine
but not after a small one (50 mg/kg) using a paramet-
ric map analysis when correction for multiple compar-
isons was made (Cumming et al., 2003). The dose in
our study was in the order of 30 mg/kg. A further
complication is the finding that anesthesia potentiates
the reduction of [11C]raclopride binding after nicotine.
Thus no change was found in [11C]raclopride binding
in awake rhesus monkeys after 32–100 mg/kg nicotine
i.v., but after isofluorane anesthesia reductions were
between 5.7 and 15.9% (Tsukada et al., 2002) and af-
ter ketamine changes were between þ7.0 and �12.5%
(Marenco et al., 2004). In contrast studies in rodents
have typically not used anesthesia during the micro-
dialysis (e.g., (Benwell and Balfour, 1997; Cadoni and
Di Chiara, 2000). Our data is thus consistent with
studies in unanaesthetized primates and pigs using
relatively small doses of nicotine.

Further insights into the complexity of the relation-
ship between nicotine and DA release have come from
studies using fast-scan cyclic voltammetry to measure
synaptic DA concentration. This method, which allows
very fine temporal resolution compared to microdialysis,
showed reductions of (73 6 4.8)% in evoked DA release
after the application of 50 nM nicotine to striatal brain
slices (Zhou et al., 2001). The authors suggest that
microdialysis gives a flawed picture of the dynamics of
DA release because it measures relatively large volumes
of extracellular fluid which relies on diffusion of DA
from the synapse. In contrast, fast-scan cyclic voltam-
metry measures DA released by action potentials. This
finding may go some way to explain the difference
between studies using microdialysis in rodents and PET
studies. The change in PET [11C]raclopride signal does
not always correlate well with microdialysis data (Tsu-
kada et al., 1999), and may be better accounted for by
intrasynaptic changes. More recently two fast-scan vol-
tammetry studies in rodents have demonstrated that
nicotine’s effect on striatal DA release is dependent
upon the state of the dopaminergic system; specifically
whether it is in a phasic or tonic state of firing (Rice and
Cragg, 2004; Zhang and Sulzer, 2004). When firing at a
tonic rate, nicotine reduced DA release. In contrast,
when the dopaminergic neurons were stimulated in a
phasic fashion nicotine increased DA release. Thus nico-
tine served to amplify the difference in DA release
between tonic and phasic states of firing. These data
suggest that, in the absence of knowledge about the
state of firing of dopaminergic neurones, it may not be
possible to make predictions about the response of the
DA system to the administration of nicotine, and provide
a potential explanation for the variability observed in
our sample, with individuals displaying very different
dopaminergic responses to the same nicotine stimulus.

In our study nicotine was administered by nasal
spray which gives a rapid increase in arterial blood
nicotine concentrations (Sutherland et al., 1992). The

arterial concentrations achieved by this method are
comparable with those after smoking a cigarette
(Sutherland et al., 1992). The dose of nicotine was
necessarily small because of the high incidence of
side-effects associated with higher doses, and to emu-
late the pharmacodynamics of nicotine delivered by
cigarette smoking. However, the venous plasma con-
centrations achieved (5.8 6 2.3 ng/ml) are close to the
arterial plasma concentrations in PET primate stud-
ies (e.g., range 8.9–48 ng/ml (Tsukada et al., 2002)
and arterial concentrations are higher than venous
for 30 min after intranasal spray nicotine (Sutherland
et al., 1992). Although the mean blood increase in nic-
otine concentration was less than the first cigarette of
the day, it is similar to the average boost per cigarette
during normal daily smoking and is therefore repre-
sentative of normal smoking practice (Russell et al.,
1983). However, the rate of nicotine concentration
increase may have been somewhat slower than with
smoking.

Despite the pharmacodynamic similarities of our
experimental design to normal smoking, it is impor-
tant to note the significant differences from normal
smoking practice. In particular the drug was adminis-
tered by third party rather than self-administered, a
factor previously shown to be important in the release
of DA in the nucleus accumbens in rats after cocaine
(Hemby et al., 1997). In Barrett et al. nicotine was
administered via cigarette smoking which took place
throughout the activation scan. Moreover, cigarette
smoking is more likely to have activated reward cir-
cuitry than intranasal nicotine, and reward associ-
ated with nonpharmacological stimuli (Small et al.,
2003; Zald et al., 2004), and the anticipation of
reward (de la Fuente-Fernandez et al., 2001) is asso-
ciated with reduced [11C]raclopride binding in man.
Indeed, nicotine withdrawal symptoms may be par-
tially alleviated by smoking cigarettes which have
had all nicotine removed suggesting that non-nicotine
related factors are important in the subjective
responses to cigarettes (Brauer et al., 2001). These
differences may account for the lack of reduction in
‘‘wanting a cigarette’’ after nicotine in our study. This
is in contrast to Barrett et al. who found that craving
was reduced by cigarette smoking in the PET scanner
(Barrett et al., 2004).

Baseline AST DA D2 receptor binding was inversely
correlated with an index of dependence, the Fager-
ström score (Fagerström and Schneider, 1989; Hea-
therton et al., 1991). The volunteers in this study had
a relatively wide range of dependence to nicotine
(measured by the Fagerström score) compared with
other studies in man. This factor may have enhanced
our ability to detect the relationship between depend-
ence and baseline D2 expression. It is not possible to
say if D2 binding is a consequence or a predictor of
nicotine dependence, although one SPET study has
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not shown any difference between striatal [123I]IBZM
binding in smoker and nonsmokers (Yang et al., 2005)
suggesting reduced binding is not a sequelae of smok-
ing. However, a PET study in drug-naı̈ve volunteers
has shown that low baseline D2 binding predicts a
pleasant response to the DA reuptake inhibitor meth-
ylphenidate (Volkow et al., 1999) suggesting some
individuals may be at higher risk of subsequent de-
velopment of drug misuse because of their baseline
D2 receptor number. We are not aware of such work
with nicotine, indeed it would be difficult to perform
because of the almost universal unpleasant effects of
nicotine in naı̈ve individuals. However, use of nicotine
may represent a compensatory behavior in people
with low baseline DA D2 receptor binding to augment
DA function.

Evidence to support a direct action of nicotine on
DA release was obtained in the form of the increase
in venous nicotine concentration significantly corre-
lating with change in [11C]raclopride BP in the LS.
Nicotine is thought to modulate DA release via
actions in the midbrain nuclei as well as within the
striatum (Marshall et al., 1997; Nisell et al., 1994;
Sziraki et al., 2002). DA release in the striatum is
under the control of a number of feedback loops to
the midbrain with different subregions having differ-
ent degrees of modulation (Haber et al., 2000). The
LS is under less negative feedback control that the
AST and SMST, a factor which has previously been
suggested to account for the greater DA release in the
LS than other subregions after an amphetamine chal-
lenge (Martinez et al., 2003). It is possible that a sim-
ilar mechanism underlies the absence of a clear rela-
tionship between change in [11C]raclopride binding
and change in nicotine concentration in the AST and
SMST in our study. However, no correlation between
self-reported change in mood after nicotine and
change in LS BP was found. This result is consistent
with Barrett et al. who found the correlation was re-
stricted to the dorsal regions of the striatum (Barrett
et al., 2004), and other studies from the same group
showing DA release after food and monetary reward
(Small et al., 2003; Zald et al., 2004) However, other
pharmacological challenges that activate the dopami-
nergic system have been shown to produce hedonic
effects which are associated with changes in the ven-
tral regions of the striatum (Drevets et al., 1999; Mar-
tinez et al., 2003). It is thus not possible at this time
to define a specific subregion of the striatum which is
exclusively associated with the emotional response to
rewarding stimuli.

A limitation of the PET study design used was that
the order of tasks was fixed because of the long dura-
tion of changes in BP found after pharmacological
(Carson et al., 2000; Houston et al., 2004) and behav-
ioral (Koepp et al., 1998) manipulations of the DA
system. It was therefore necessary to fix the order of

tasks with the nicotine condition second. However, an
order effect opposing the nicotine effect seems unlikely
given the excellent within-scan test-retest reliability
achieved with [11C]raclopride studies with the design
used here [VS intraclass correlation coefficient (ICC)
0.68, DS ICC 0.79, (Montgomery et al., 2006)].

In summary we have not found a significant reduc-
tion of [11C]raclopride binding after exposure to nico-
tine in a group of regular smokers, the majority of
whom were nondependent, in doses which have previ-
ously been found to reduce [11C]raclopride binding in
anesthetized nonhuman primates. However, we did
find a correlation between nicotine levels and reduced
[11C]raclopride binding in the LS. We have also, repli-
cated a previous correlation (Barrett et al., 2004)
between increase in positive mood state and reduction
in [11C]raclopride binding, supporting studies in ani-
mals which suggest that DA release has a role in this
experience and might be a factor in the addictive
properties of nicotine.
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