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Abstract

The aim of this study was to determine whether standard treatments for Tobacco Dependence
affect smoking-induced changes in intrasynaptic dopamine (DA) concentration. Forty-three
otherwise healthy adult cigarette smokers (10 to 40 cigarettes per day) were treated with either
practical group counseling (PGC) psychotherapy (n = 14), bupropion HCI (n = 14), or matching
pill placebo (n = 15) (random assignment) for 8 weeks. Before and after treatment, each subject
underwent a bolus-plus-continuous-infusion 11C-raclopride positron emission tomography (PET)
scanning session, during which he or she smoked a regular cigarette. The PET scanning outcome
measure of interest was percent change in smoking-induced 11C-raclopride binding potential
(BPNp) in the ventral caudate/nucleus accumbens (VCD/NAC), as an indirect measure of DA
release. Although the entire study sample had a smaller mean smoking-induced reduction in VCD/
NAc BPyp after treatment (compared to before treatment), this change was highly correlated with
smaller total cigarette puff volumes (and not other treatment variables). These data indicate that
smoking-induced DA release is dose-dependent, and is not significantly affected by reductions in
daily smoking levels or treatment type.
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1. Introduction

Recent studies using the radiotracer 11C-raclopride and positron emission tomography (PET)
have demonstrated (indirectly) that cigarette smoking (Brody et al., 2004; Brody et al., 2006;
Scott et al., 2007) and nicotine intake (Takahashi et al., 2008) increase intrasynaptic
dopamine (DA) concentration in the ventral striatum/nucleus accumbens (VST/NAc) in
human smokers (though not all studies using these and similar methods have shown this
effect (Tsukada et al., 2002; Barrett et al., 2004; Montgomery et al., 2007)). In these studies,
DA release has been associated with the craving-reducing (Brody et al., 2004; Brody et al.,
2006) and pleasurable (Barrett et al., 2004; Brody et al., 2009) effects of smoking, as well as
the severity of nicotine dependence (Scott et al., 2007). Nicotine-induced DA release has
also been demonstrated in studies of non-human primates using similar methodology
(Dewey et al., 1999; Tsukada et al., 2002; Marenco et al., 2004) and in rodents using
microdialysis (Di Chiara and Imperato, 1988; Damsma et al., 1989; Pontieri et al., 1996;
Sziraki et al., 2001). Despite these findings that point to the importance of striatal DA
release in response to cigarette smoking, the effects of treatment for Tobacco Dependence
(TD) on smoking-induced DA release have not been reported.

Currently, there are several effective first-line treatments for TD, including (but not limited
to) the medication bupropion HCI (Zyban) and the psychotherapy ‘practical group
counseling’ (PGC) (Marlatt and Gordon, 1985; Carmody, 1990; Fiore et al., 2000; Hall et
al., 2002; Gold et al., 2002; Abrams et al., 2003; Holmes et al., 2004). A standard (2-month)
course of treatment with bupropion HCI (administered along with brief counseling) results
in abstinence rates of roughly 40% (Hurt et al., 1997), with longer term (12-month)
abstinence rates of about 20 to 30% (Jorenby et al., 1999; Simon et al., 2004; Paluck et al.,
2006). Abstinence rates with medication alone are typically lower than those achieved with
the combination of medication plus psychotherapy (Hall et al., 2002). Similar to medication
administered alone, PGC typically results in abstinence rates of about 40% after 2 months
and 20% after 6 months of treatment (Fiore et al., 1994), with a recent literature review
concluding that group psychotherapies have roughly twice the abstinence rates of control
conditions (Stead and Lancaster, 2005).

The complete biological pathway by which bupropion HCI assists smokers in quitting
remains uncertain (Horst and Preskorn, 1998; Foley et al., 2006); however, there is evidence
for either diminished or unchanged smoking-induced DA release with bupropion HCI
treatment. As for evidence of diminished smoking-induced DA release, the most commonly
demonstrated mechanism of action for bupropion HCI is inhibition of pre-synaptic DA
reuptake (Horst and Preskorn, 1998; Balfour, 2001; Stahl et al., 2004), with reports of both
acute (Nomikos et al., 1989) and chronic (Ascher et al., 1995) increases in extracellular DA
in the VST/NAc. In addition, a brain imaging study of subjects with depression (Argyelan et
al., 2005) demonstrated that chronic bupropion HCI treatment is associated with diminished
dopamine transporter availability, which would presumably increase intrasynaptic DA since
the dopamine transporter is primarily responsible for clearance of intrasynaptic DA
(Hoffman et al., 1998). These studies suggest that chronic bupropion HCI treatment leads to
increased intrasynaptic DA, which would be expected to result in a downregulation of D2
receptors and diminished DA release in response to pharmacological stimuli (Bilder et al.,
2004; Nikolaus et al., 2007a; Nikolaus et al., 2007b; Bamford et al., 2008). As for evidence
of unchanged smoking-induced DA release, a recent study of rodents demonstrated that
chronic bupropion HCI treatment increases extracellular DA in the nucleus accumbens shell,
but does not alter the reward-facilitating effects of experimenter-administered nicotine
(Paterson et al., 2007). In addition, a study of human smokers examining the effects of
bupropion HCI treatment on the pleasurable effect of smoking (a symptom presumably
associated with DA release (Barrett et al., 2004; Brody et al., 2009)) demonstrated no
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change in the pleasurable effect of a lapse cigarette (McCarthy et al., 2008). Thus, taken
together, these studies suggest that a course of bupropion HCI treatment would lead to
increased intrasynaptic DA and diminished smoking-induced DA release, although there is
also evidence to suggest that smoking-induced DA release would be unaffected by
bupropion HCI treatment.

As for practical group counseling (PGC) for TD, we are not aware of any studies examining
its mechanism of action. However, it is hypothesized that talk therapy in general (as a
learning experience) leads to changes in synaptic plasticity (Marlatt and Gordon, 1985;
Carmody, 1990), through a retraining of implicit memory systems (Amini et al., 1996;
Liggan and Kay, 1999). In addition, prior studies of other neuropsychiatric conditions
indicate that changes in the brain with talk therapy typically have at least some overlap with
those seen with effective medication (Roffman et al., 2005).

The goal of the study presented here was to determine if standard, first-line treatments for
TD (bupropion HCI and PGC, compared to a pill placebo that matched bupropion HCI)
affect smoking-induced increases in intrasynaptic DA concentration in tobacco-dependent
cigarette smokers. Based on both human and animal studies, we hypothesized that these
treatments would diminish smoking-induced changes in intrasynaptic DA concentration,
though it was noted that there is also evidence for an absence of an effect of these treatments
on smoking-induced DA release. We also sought to determine if treatment-related changes
in smoking-induced DA release were associated with changes in the amount of a cigarette
smoked during scanning, the number of cigarettes smoked per day, or withdrawal
symptoms, hypothesizing that reduced smoking during scanning, cigarettes per day, or
withdrawal symptoms would be associated with diminished smoking-induced DA release.

2. Methods

2.1 Research Participants

Two hundred and ten subjects were screened initially during a telephone interview, in which
medical, psychiatric, and substance abuse histories were obtained without personal
identifiers. All subjects who were qualified and wished to participate received a complete
description of the study in-person, and gave written informed consent, using forms approved
by the local institutional review board. Participants were then evaluated further using
screening questions from the Structured Clinical Interview for DSM-IV (SCID) (First et al.,
1995). Inclusion/exclusion criteria were the same as in our previous reports (Brody et al.,
2004; Brody et al., 2006; Brody et al., 2009), with the central inclusion criteria being
nicotine dependence, as defined by DSM-IV, smoking 10 to 40 cigarettes per day, and being
treatment-seeking. Participants were excluded for any history of an Axis | psychiatric or
substance abuse/dependence diagnosis other than nicotine dependence. They were also
excluded for current use of medications or medical conditions that might affect brain
function, or for pregnancy. The pre-treatment PET data from subjects studied here was
presented in a prior report (Brody et al., 2009).

2.2 Experimental Design

Forty-three otherwise healthy adult (21 to 65 years of age) cigarette smokers completed the
study. Each subject underwent bolus-plus-infusion 11C-raclopride PET scanning, during
which he or she smoked a regular cigarette. Within one week of the PET scanning, he or she
also underwent a structural magnetic resonance imaging (MRI) (to aid in interpretation of
the PET scans). Subjects were then randomized to treatment with bupropion HCI (n = 14),
PGC (n = 14), or pill placebo (n = 15). After completing 8 weeks of treatment, subjects were
scanned a second time with 11C-raclopride PET, with this PET session having the same
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protocol as the first one (including smoking a regular cigarette). Seven additional subjects
participated in this study, but their data were not used for this analysis due to technical
scanning issues (n = 2) or dropout from treatment (n = 5).

2.3 PET and MRI Scanning Protocols

PET and MRI scanning sessions followed the same protocols as in our previous reports
(Brody et al., 2006; Brody et al., 2009) which examined smoking-induced changes in
intrasynaptic DA concentration in untreated smokers. PET sessions were performed using a
bolus-plus-continuous-infusion of 11C-raclopride. Subjects were instructed to smoke as per
their usual habit on the morning of the PET session and to smoke a cigarette immediately
prior to the testing session (for the pre-treatment session), which began at noon. Between
12:00 and 13:45 h, subjects were interviewed and completed rating scale questionnaires and
other measures. Self-report rating scales were the Fagerstrom Test for Nicotine Dependence
(FTND) (Fagerstrém, 1978; Heatherton et al., 1991) and the Urge to Smoke (UTS) Scale
(Jarvik et al., 2000), while a study clinician (A.L.B., R.E.O., or Z.A.M.) administered the
Hamilton Depression (HAM-D) (Hamilton, 1967) and Anxiety (HAM-A) (Hamilton, 1969)
rating scales. Exhaled carbon monoxide (CO) levels were measured before 11C-raclopride
injection using a MicroSmokerlyzer (Bedfont Scientific Ltd, Kent, UK), to provide a rough
estimate of recent smoking levels. In addition to these ratings done prior to scanning,
cigarette craving (UTS) was monitored after the smoke break in PET scanning as well.
These rating scales were administered to ensure both low levels of psychiatric symptoms
and expected reactions to smoking (such as a reduction in craving).

At 13:45 h, each subject had a 20-gauge intravenous catheter placed in the right antecubital
vein, and at 14:00 h was positioned on the PET scanning bed (for acquisition of planes
parallel to the orbital-meatal line). Scanning was initiated at 14:10 h with a slow bolus
injection of 5 mCi 11C-raclopride in 20 ml normal saline over a 60-sec period, followed by
continuous infusion of the radiotracer (5 mCi, corrected for decay) for the remainder of the
testing session. This bolus-plus-continuous-infusion method was performed as described in
prior studies (Carson et al., 1997; Ito et al., 1998; Brody et al., 2006; Brody et al., 2009).
Brain scans were acquired continuously for the next 50-min.

At 15:00 h, each subject was removed from the scanner with the infusion still running, and
had a 10-min break in an outdoor area adjacent to the PET scanning room. During the break,
the subject smoked a single regular cigarette (his or her favorite brand or a standard
Marlboro red package cigarette). All subjects smoked the same cigarette brand for their pre-
and post- treatment PET scans, with the mean cigarette nicotine content being 1.0 (£ 0.2)
mg. The 3-h period of abstinence prior to the break was chosen based on the finding that
craving starts to peak at this time in nicotine-dependent smokers (Schuh and Stitzer, 1995).
A study investigator (A.L.B., R.E.O., or Z.A.M.) monitored subjects continuously during the
break. After the break, subjects were quickly repositioned (< 1 min) in the scanner using a
pre-placed mark on their forehead and a laser light from the scanner. Scanning then resumed
for 30-min more.

For monitoring smoking topography during scanning, cigarettes were smoked through a
Clinical Research Support System (CReSS) device (Plowshare, Baltimore, MD). While all
standard recordings were obtained with this device, the primary measure of interest here was
total puff volume of the cigarette (in mL), which indicated the amount of each cigarette that
was smoked.

The PET scanner for this study was the GE Advance NXi PET tomograph (General
Electronic Medical Systems, Milwaukee, W1, USA) with 35 slices in 3-dimensional
mode. 11C-raclopride was prepared by an established procedure (Farde et al., 1986; Ehrin et
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al., 1987). PET scans were acquired as 5-min frames, ten before and six after the smoking
break in scanning. Attenuation correction for both emission scans (before and after smoking)
was performed using a 5-min transmission scan obtained with the germanium rotating rod
source built into the GE scanner at the end of the scanning session.

An MRI scan of the brain was obtained with the following specifications: three-dimensional
Fourier-transform (3DFT) spoiled-gradient-recalled acquisition with TR =30 ms, TE =7
ms, 30° angle, 2 acquisitions, 256 x 192 view matrix. The acquired volume was
reconstructed as 90 contiguous, 1.5-mm thick, transaxial slices.

2.4 Tobacco Dependence Treatments

Subjects were randomly assigned (Stout et al., 1994) to treatment with either PGC (n = 14),
bupropion HCI Sustained Release (SR) formula (n = 14), or matching pill placebo (n = 15).
Each treatment was initiated within one week of the first PET scanning session and was
continued through the second PET scanning session at week 8. The groups were
counterbalanced for gender (male/female) and age (less than or greater than 40 years old),
and all subjects were instructed to have a target quit date of 2 weeks after starting treatment.

Subjects randomized to PGC had twice weekly 60-min group therapy sessions for 8 weeks.
PGC was based on the relapse prevention model (Marlatt and Gordon, 1985) and used
standard clinical practices (Abrams et al., 2003). The therapy consisted of education about
smoking addiction, withdrawal, and relapse prevention; recognizing danger situations
(triggers) that could lead to relapse; developing new coping skills, such as avoiding triggers,
coping with negative affective states, reducing overall stress, and distracting attention from
smoking using thought-stopping techniques; developing lifestyle changes; and social support
(Carmody, 1990; Fiore et al., 2000). Subjects also had exhaled CO levels monitored at each
session, and were encouraged to taper off cigarettes. The manualized psychotherapy sessions
were performed on a rotating basis by a study psychotherapist (S.S.).

Subjects randomized to receive bupropion HCI or matching pill placebo were treated in a
double-blind manner. To do this, a research pharmacist at the Greater Los Angeles VA
Healthcare System (Diep Seversen, PharmD) prepared packets of medication or placebo,
which were distributed to a study physician (A.L.B. or Z.A.M.). These packets were
identified by a numeric code recorded by the pharmacist. Film-coated bupropion HCI SR
and placebo were obtained from the Biomedical Research Institute of New Mexico
(Albuguerque, NM). Placebo ingredients (methylcellulose, hydroxypropyethycellulose, and
hydroxypropylmethylcellulose) were inert and the same as those found in bupropion HCI SR
tablets. Subjects were started on 1 pill per day on the day following the first PET scanning
session for 3 days, with the dosage increased to 1 pill orally twice per day thereafter. For
bupropion HCI SR, the dosage was 150 mg per oral once a day, then 150 mg per oral twice a
day starting on the fourth treatment day. All subjects receiving pill treatment were advised
of potential side effects of bupropion HCI when being given their packet of study
medication/placebo, and all subjects tolerated the full dose of bupropion HCI SR for at least
4 weeks prior to the follow-up PET session. Subjects in the bupropion HCI and placebo
groups met with a study physician weekly for medication management visits (15 min) for
the remainder of the study. During these visits, titration of dosage, review of side effects,
and monitoring of cigarette usage took place, as well as the measurement of exhaled CO. In
order to isolate the effects of medication on PET findings, no counseling for cessation of
tobacco use took place during these visits, and subjects in the bupropion HCI and placebo
groups were instructed to take the twice daily dosing through the second PET session
(including the morning of the second PET session). Given that bupropion HCI SR reaches a
plasma steady state within 8 days and has a plasma mean elimination half-life of 21 h
(GlaxoSmithKline, Wellbutrin SR tablets, product information, 2002), it is assumed that
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plasma bupropion HCI (and metabolite) levels in subjects assigned to the bupropion HCI SR
group were in a steady state at the time of the follow-up PET scanning session.

For all study subjects, quit status was defined at the time of the follow-up PET scanning
session as a self-report of at least 7 days of continuous abstinence from smoking and an
exhaled CO level of < 8 ppm. To ensure that smoking a cigarette during the follow-up scan
did not lead to a slip or relapse into cigarette usage in smokers who had quit smoking, all
subjects were monitored for craving and withdrawal symptoms for several hours after
scanning. In addition, all subjects were seen weekly by a study physician following the
second PET scan for an additional 1 month of treatment.

2.5 PET Image Analysis

For analysis of PET scans, PET-to-MRI co-registration was performed using the automated
image registration method (Woods et al., 1993) within MEDx 3.3 (Sensor Systems Inc.,
Sterling, VA). The pre-smoking (0 to 50 min after the bolus radiotracer injection) and post-
smoking (60 to 90 min after injection) scans were co-registered to the MRI separately.
Individual 5-min time frame data were then co-registered to MRI scans using the
transformation matrix parameters from the co-registration of the summed images.

Regions of interest (ROIs) were drawn on the MRI scans and transferred onto the co-
registered PET scan frames. ROI placement on each frame was verified by visual inspection
by the region drawers (M.R.C. and D.S) and the P.1. (A.L.B.). For this study, the ROI value
used for statistical analysis was the volume-weighted decay-corrected mean of the left and
right ventral caudate (VCD) ROIs (including the nucleus accumbens [NAc]), consisting of
three slices for each structure, resulting in a single value for each 5-min frame of PET
scanning (Brody et al., 2006). The entire cerebellum was drawn as a reference region. These
regions are similar to those drawn in prior studies by other groups (Mawlawi et al., 2001;
Martinez et al., 2003). Binding potential (BPnp) (Innis et al., 2007) for the VCD/NAc was
calculated using the simplified reference tissue model (Lammertsma and Hume, 1996), with
BPnD = B’ max/Kd = Cvepinac/ Ceerebellum — 1, where C is the radioligand concentration.
BPnp was determined for each 5-min PET frame, and mean BPyp values (corrected for
radiotracer physical decay) were compared between the frames before (40 to 50 min after
radiotracer injection) and after (60 to 90 min after injection) the break in scanning. These
time frames are almost identical to those recommended as optimal for maximizing the
signal-to-noise ratio in studies of the 11C-raclopride bolus-plus-continuous infusion method
(Watabe et al., 2000; Mawlawi et al., 2001). This method assumes 40-min for the radiotracer
from the bolus-plus-infusion to reach a near steady state (Ito et al., 1998; Watabe et al.,
2000; Mawlawi et al., 2001). It also assumes that intrasynaptic DA concentration will
remain elevated throughout the 30 min post-smoking scan, as indicated by animal
microdialysis (Imperato et al., 1986; Di Chiara and Imperato, 1988; Benwell and Balfour,
1997; Janhunen and Ahtee, 2004) and imaging (Marenco et al., 2004) studies of nicotine
administration.

2.6 Statistical Analyses

Means (+ standard deviations) of demographic and treatment variables were determined for
the entire sample and for the three treatment subgroups. To verify similarities between
treatment subgroups before the initiation of treatment, Student’s t-tests and a Chi-Square test
(for gender) were performed. To evaluate treatment outcomes, paired Student’s t-tests were
performed for the entire sample and for the three treatment subgroups for the primary
smoking outcome measures (cigarettes per day, FTND scores, and exhaled CO levels).
Student’s t-tests were then performed between the active treatment subgroups (PGC- and
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bupropion HCl-treated) and the inactive pill placebo subgroup for the primary smoking
outcome measures.

For the PET data, the variable studied was the smoking-induced percent change in 11C-
raclopride binding potential (BPnp), defined as 100*(BPnp before smoking™

BPND after smoking)/BPND before smoking for the volume-corrected mean (of the left and right
VCD/NAC) BPyp value. A single BPyp measure was used here, based on our prior report
demonstrating nearly identical BPyp changes with smoking for the left and right VCD/NAc
(Brody et al., 2004).

For the central study analysis, a repeated-measures ANOVA was performed, with smoking-
induced BPyp percent change before and after treatment as the repeated measure and
treatment group as the between-subject factor. This same analysis was also performed with
pre-smoking BPyp as the repeated measure, as a marker of change in baseline intrasynaptic
DA from before to after treatment. Pearson Product Moment Correlation Coefficients were
calculated to examine relationships between pre- to post-treatment changes in smoking-
induced BPyp reductions and changes in variables that might be expected to be associated
with smoking-induced DA concentration change, namely total puff volume, quit status, and
craving alleviation. Statistical tests were performed with SPSS version 16.0 (SPSS; Chicago,
IL).

3.1 General Study Population Characteristics

At baseline, the entire study sample consisted of adults (mean + standard deviation - 40.3 £
11.0 years of age), who smoked 24.2 (£ 6.2) cigarettes per day, had been smoking for an
average of 21.6 (+ 11.2) years, and were mostly men (27 men, 16 women) (Table 1).
Subjects were moderate-to-severely nicotine dependent (FTND mean score - 6.5 + 1.9), had
minimal depression (mean total HAM-D 17 score of 1.6 + 1.7) or anxiety (mean total HAM-
A score of 2.0 + 2.4), had a mean exhaled CO of 19.9 (+ 9.8) parts per million (ppm) after 1
to 2 h of abstinence prior to treatment, and had moderate-to-severe craving after 3 h
abstinence (mean UTS score 4.7 £ 1.4 on a scale of 0 to 6).

At baseline, the three treatment subgroups did not differ significantly in any of the smoking,

demographic, or rating scale variables (Student’s t-tests, range of P values from 0.22 for the

comparison of HAM-D scores for the two active treatment subgroups to 0.99 for comparison
of pre-treatment cigarettes per day for the two active treatment subgroups) (Table 1).

From before to after treatment, 5 of the 14 subjects in each of the two active treatment
subgroups (PGC- and bupropion HCI-treated) met criteria for having quit smoking, while
only 1 of the 15 pill placebo-treated patients quit smoking (Chi-Square test, P = 0.05 for
each active treatment subgroup compared to the placebo-treated subgroup). Of the 11
subjects total who quit smoking, 5 had been abstinent for the minimum of 7 days at the post-
treatment scan, while the remaining 6 had quit earlier in treatment and remained abstinent
through the post-treatment scan. The mean (z standard deviation) length of abstinence at the
time of the second PET scan for those who quit smoking was 19.9 (£ 9.0) days. Within the
entire sample and each of the treated subgroups, the following variables decreased
significantly from pre- to post- treatment: FTND scores, number of cigarettes per day,
exhaled CO levels, and craving change from smoking a cigarette (Table 1). The bupropion
HCl-treated group had significantly greater reductions in number of cigarettes per day and
exhaled CO than the placebo-treated group (both Student’s t-tests, two-tailed, P < 0.05),
while the PGC-treated subgroup had greater numerical reductions in number of cigarettes
per day and exhaled CO than the placebo-treated group, but these differences did not reach
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statistical significance (Student’s t-tests, 2-tailed, P = 0.2 and 0.3, respectively) (Table 1). In
addition, the total group and the bupropion HCI-treated subgroup smoked significantly
smaller total puff volumes during PET scanning from pre- to post- treatment (both Student’s
t-tests, P <.01). During the month of follow-up treatment after the second scanning session,
no subjects relapsed as a result of smoking a cigarette during the post-treatment PET
scanning session.

3.2 Treatment Effects on Smoking-Induced Change in DA Concentration

The entire sample had a significant mean reduction in VCD/NAc BPyp with smoking for
both the before (—8.6 + 1.6%, paired Student’s t-test, 2-tailed, P < 0.0001) and after (—4.1 +
1.7%, paired Student’s t-test, 2-tailed, P < 0.05) treatment scanning sessions, indicating that
cigarette smoking resulted in a significant increase in DA concentration both before and
after treatment (Table 2).

For the central analysis of the study, there was a main effect of time (pre- to post-treatment)
on smoking-induced percent change in 11C-raclopride BPyp (repeated-measures ANOVA; F
=5.2; df = 1, 40; P = 0.03), but no effect of treatment subgroup (repeated-measures
ANOVA,; F =0.6; df = 2, 40; n.s.), indicating decreased DA release from pre- to post-
treatment during the PET procedure. For the analysis of change in baseline BPyp from
before to after treatment, there was a main effect of time (repeated-measures ANOVA,; F =
4.9; df = 1, 40; P = 0.03), with no effect of treatment subgroup (repeated-measures
ANOVA,; F =0.2; df = 2, 40; n.s.), indicating increased intrasynaptic DA from pre- to post-
treatment regardless of treatment type. The correlation between percent change in smoking-
induced 11C-raclopride BPyp reduction and change in total puff volume was highly
significant (r = —0.49, P = 0.001) (Figure 1), indicating that the amount of a cigarette
smoked during scanning was closely associated with the extent of smoking-induced DA
release. Other correlations between change in 11C-raclopride BPyp reduction and change in
number of cigarettes per day, exhaled CO levels, and craving reduction with smoking were
not significant (all P values > 0.1).

4. Discussion

The central finding of this study was a reduction in smoking-induced change in 11C-
raclopride binding potential (BPnp) from pre- to post- treatment that was correlated with the
total puff volume of a cigarette smoked during scanning. There were no significant
associations between the PET measure and treatment type, quit status, or withdrawal
symptoms. Because percent change in 11C-raclopride BPyp is an indirect measure of change
in intrasynaptic DA concentration (and therefore DA release), the association between this
measure and total puff volume indicates that smoking-induced DA release is dose-
dependent, regardless of treatment effects or smoking status, at least early in abstinence as
was studied here.

The timing of the length of abstinence may be particularly important in interpreting study
results, given the known time course of normalization of nicotinic acetylcholine receptor
(nAChR) densities in brain DA pathways. In this study, 5 of the 11 quitters had 1 cigarette-
free week at the time of the second scan, and the quitter group as a whole had a mean 19.9
days abstinence. On a cellular level, the interaction of inhaled nicotine from smoking with
nAChRs on cells of the midbrain ventral tegmental area is thought to lead to DA release in
the VST/NACc (Nisell et al., 1994). Studies show that nAChRs are upregulated in cigarette
smokers (Benwell et al., 1988; Breese et al., 1997; Mamede et al., 2007) and remain
elevated in the first 10 days of abstinence (Mamede et al., 2007), but normalize to levels of
non-smokers in 3 weeks (Mamede et al., 2007) to 2 months (Breese et al., 1997). Given that
our study indicated that smoking-induced DA release was dose-dependent (regardless of
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smoking status in a group of smokers with a mean of slightly less than 3 weeks abstinence),
this study did not rule out the possibility that a longer period of abstinence might result in
alterations in the relationship between amount of a cigarette smoked and smoking-induced
DA release. Alternatively, study results may indicate that smoking-induced DA release
indeed remains dose-dependent regardless of smoking status or treatment effects. Studies of
smokers with longer durations of abstinence would help resolve this issue.

Other PET findings of interest included the post-treatment smoking-induced decrease

in 11C-raclopride BPyp, which supports earlier reports in untreated smokers (Brody et al.,
2004; Brody et al., 2006; Scott et al., 2007), and the somewhat surprising absence of an
association between 11C-raclopride BPyp and craving, as was observed in prior work
(Brody et al., 2004; Brody et al., 2006). This latter effect may have been due to sample size/
power issues, or may indicate that treatment alters the relationship between craving and DA
concentration.

Results of the clinical treatment portion of the study demonstrated the expected decreases in
smoking measures (FTND scores, reported numbers of cigarettes per day, and exhaled CO
levels) for all treatments, with more robust findings in the actively-treated than the placebo-
treated groups (Table 1). These findings were consistent with prior research examining the
effects of bupropion HCI treatment on smoking measures (Fiore et al., 1994;Hurt et al.,
1997). In addition, the entire sample (3 subgroups combined) had lower total puff volumes
of the cigarette smoked during the follow-up PET session, and this effect was strongest in
the bupropion-treated group (Table 1). These outcomes may have been due to treated
smokers intentionally inhaling less deeply due a desire to avoid smoking during their
attempt to remain abstinent or may have been due to a pharmacological effect of chronic
bupropion HCI treatment resulting in increased intrasynaptic DA (Horst and Preskorn,
1998;Holm and Spencer, 2000;Balfour, 2001;Stahl et al., 2004) with less of a need to inhale
a cigarette as deeply to achieve the same intrasynaptic DA level. This last point is supported
by the overall group having lower baseline 11C-raclopride BPyp from pre- to post-
treatment, which may indicate increased baseline intrasynaptic DA (though differences in
radiotracer metabolism or small variability in radiotracer dosing may have contributed to
this finding).

Strengths of this study included: a homogeneous subject sample in regard to demographic
variables, cigarette usage, and absence of co-morbidity; a statistical method that minimized
type I error by using a single ROl BPyp value; and the isolation of treatment effects by
providing each treatment type alone. Weaknesses were primarily ones inherent to PET
scanning with 11C-raclopride. While this radiotracer is commonly used for the evaluation of
DA release (including work by our group (Brody et al., 2004; Brody et al., 2006; Brody et
al., 2009) and others (e.g- (Volkow et al., 1994; Carson et al., 1997; Schlaepfer et al., 1997,
Ginovart et al., 2002; Marenco et al., 2004; Barrett et al., 2004; Scott et al., 2007)), and
consistently demonstrates DA release when expected, the short half-life and variable
pharmacokinetics of the radiotracer make its use logistically challenging for human studies,
and resulted in considerable variability within our data set (Table 2). Other limitations of the
study included the modest sample size (which may have diminished the ability to detect
group differences) and the absence of plasma nicotine levels. The duration of treatment (8
weeks), which was chosen in order to have smokers who were non-responsive to
medication/placebo treated for the shortest period of time while including a typical 12-
session course of PGC, was also a potentially confounding factor. This relatively short
duration of treatment may have limited the ability to elicit an effect on smoking-induced DA
release, especially for the PGC-treated group. Despite these limitations, this study did
demonstrate that cigarette smoking resulted in VCD/NAc BPyp change in the hypothesized
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direction (both before and after treatment), and these results add confidence to the findings
here.
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Figure 1.

Scatterplot showing the significant correlation (r = —0.49, P = 0.001) between pre- to post-
treatment changes in total puff volume (x axis) and percent change in smoking-induced
binding potential (BP) in the ventral striatum (y axis).
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Practical counseling-

Bupropion HCI-treated

Placebo-treated (n =

Variable Total Group (n=43) | treated (n=14) (n=14) 15)

Age 40.3 (+ 11.0) 40.7 (+ 10.0) 41.4 (+14.3) 39.0 (+ 10.0)
Percent female 37.2% 35.7% 35.7% 40.0%

Years smoking 21.6 (+ 11.2) 22.1 (+11.8) 22.4 (+13.1) 20.3 (+ 9.3)
Education (yrs) 13.9 (£ 2.3) 14.2 (£ 2.6) 13.3(x1.9) 14.2 (£ 2.2)
HAM-D 16 (x1.7) 1.1 (x1.4) 2.0 (x2.1) 15 (+ 1.5)
HAM-A 2.0 (£2.4) 1.6 (£ 2.0) 2.6 (£3.3) 18 (x17)
FTND pre-tx 6.5 (+ 1.9) 6.3 (x2.0) 6.2 (+ 2.0) 6.9 (+1.7)
FTND post-tx 36 (£2.6)"" 35 (#3.0) 24 (£2.0)™" 48(£2.2)"
Cigs/day pre-tx 243 (£6.2) 23.9 (£6.9) 243 (£6.1) 24.5 (+6.0)
Cigs/day post-tx 9.6 (£7.9) 8.8 (+84)" 6.5(+6.9)"" 134 (7.0
Exhaled CO pre-tx (ppm) 20.1 (x7.3) 18.1 (= 8.0) 20.8 (x12.8) 20.8 (+8.3)
Exhaled CO post-tx (ppm) 12.8(+9.1)" 112 (+6.7)" 95 (+8.0)" 10.4 (+ 10.5)°
Craving change with smoking: -39 (+1.2) -3.4 (£ 1.6) -3.9 (x 0.9) —4.2 (£ 1.0)
pre-tx (UTS)

Craving change with smoking: [ —p g (+ 1.4)*** -2.5 (+ 1.5 -2.6 (+ 1.6)™* -3.4 (£ 1.1)™*
post-tx (UTS)

Total Puff Volume pre-tx (mL) | 787.5 (+32.7) 766.8 (+ 59.1) 795.5 (+ 72.7) 799.5 (+ 39.0)
Total Puff Volume post-tx (ML) | gg9.5 (* 36.0)** 716.3 (£ 51.2) 582.5 (+ 70.8)** 706.9 (+ 61.6)

Values are stated as mean (* standard deviation); Yrs = years; HAM-D = Hamilton Depression Rating Scale; HAM-A = Hamilton Anxiety Rating
Scale; tx = treatment; FTND = Fagerstrom Test for Nicotine Dependence; cig = cigarette; CO = carbon monoxide; ppm = parts per million; UTS =
Urge to Smoke Scale;

*

*

*

P <0.05,

3
P <0.01, and

*

3
P < 0.001, for paired Student t-tests from pre- to post- treatment

Psychiatry Res. Author manuscript; available in PMC 2011 September 30.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Brody et al.

Table 2

Page 17

Treatment Effects on Ventral Caudate/Nucleus Accumbens 11C-Raclopride Binding Potential (BPyp)

Total Treated Group (n

Practical Group
Counseling-treated (n =

Bupropion HCI-treated

Pill Placebo-treated (n

BPnp post-treatment

Variable =43) 14) (n=14) =15)
Pre-treatment 2.48 (+0.07) 2.34(+0.14) 2.53(+0.13) 2.55 (£ 0.11)
Pre-smoking

Pre-treatment 2.26 (+0.08) 2.13(x0.13) 2.32(£0.13) 2.32(+0.14)
Post-smoking

% change in VCD/NAc -8.56 (+ 1.64)™** -8.45 (+ 2.92)™* -7.60 (+ 3.01)™* -9.55 (+ 2.76)™*
BPnp pre-treatment

Post-treatment 2.28 (+0.08) 2.11(x0.11) 2.28 (£ 0.16) 243 (+0.14)
Pre-smoking

Post-treatment 2.16 (£ 0.07) 2.09 (x0.11) 2.12 (£ 0.15) 2.27(£0.13)
Post-smoking

% change in VCD/NAc 413 (+ 0.70)* —1.09 (+ 2.06) -5.56 (+ 3.29) -5.64 (+ 3.29)

Values are stated as mean (+ standard error of the mean);

*
P <0.05,

*:

P <0.01, and

F%k
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*
P <0.001, pre- to post smoking, paired Student’s t-tests; VCD/NAc = ventral caudate/nucleus accumbens; BPND = binding potential



