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Human Tobacco Smokers in Early Abstinence Have
Higher Levels of 3,*Nicotinic Acetylcholine Receptors

than Nonsmokers
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Nicotine, the addictive chemical in tobacco smoke, initiates its actions in brain through nicotinic acetylcholine receptors (nAChRs). In
particular,nAChRs containing 3,-subunits (3,*-nAChRs) the most prevalent subtype, mediate the reinforcing properties of nicotine. We
hypothesized that abnormal numbers of 3,*-nAChRs during early abstinence contribute to the perpetuation of addiction to tobacco
smoking. Using molecular imaging, specifically single-photon emission computed tomography with the nAChR agonist radiotracer
['#1]5-1A-85380 ([ '*°1]5-1A), we imaged 3,*-nAChR availability in human smokers. First, using nonhuman primates treated chronically
with nicotine, we estimated the time interval necessary for smokers to abstain from smoking so that residual nicotine would not interfere
with [ '*’1]5-1A binding to the 8,*-nAChR as ~7 d. Thus, we imaged human smokers at 6.8 == 1.9 d (mean * SD) of abstinence. Abstinence
was confirmed by daily assessments of urinary cotinine and expired carbon monoxide levels. In smokers, [ '*°1]5-1A uptake was signifi-
cantly higher throughout the cerebral cortex (26 -36%) and in the striatum (27%) than in nonsmokers, suggesting higher 3,*-nAChR in
recently abstinent smokers. 3,*-nAChR availability in recently abstinent smokers correlated with the days since last cigarette and the
urge to smoke to relieve withdrawal symptoms but not the severity of nicotine dependence, severity of nicotine withdrawal, or the desire
to smoke. Higher brain 3,*-nAChR during early abstinence indicates that, when smokers quit smoking, they do so in the face of a
significant increase in the receptors normally activated by nicotine. Greater 3,*-nAChR availability during early abstinence may impact

the ability of smokers to maintain abstinence.
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Introduction

Despite the well known health risks of tobacco smoking, 24.9% of
the United States population continues to smoke (Grant et al.,
2004). Although tobacco smoke contains >4000 chemicals, its
addictive properties have been attributed primarily to nicotine.
In brain, nicotine acts via nicotinic acetylcholine receptors
(nAChRs) to initiate a cascade of neurochemical reactions that
includes the release of almost every major neurotransmitter and
widespread activation of most neuronal networks. Adaptations
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of nAChRs in response to repeated and protracted nicotine ex-
posure likely contribute to the addiction to cigarette smoking.
Postmortem studies of human brain have suggested that
numbers of nAChRs are higher in smokers than in nonsmokers
or former smokers (Benwell et al., 1988; Breese et al., 1997; Perry
etal., 1999), and animals exposed to nicotine chronically exhibit
increased levels of nAChRs in the brain (Marks et al., 1983, 1985,
1992; Schwartz and Kellar, 1983). Because the reinforcing prop-
erties of nicotine have been linked specifically to nAChRs that
contain the 3, subunit (3,*-nAChRs) (Picciotto et al., 1998), an
understanding of the adaptive changes in 8,*-nAChR number
during acute abstinence and their relationship to behavioral cor-
relates of tobacco smoking may advance the development of im-
proved pharmacotherapies to aid smoking cessation. With the
recent development of [ '*’1]5-1A-85380 ([ '*’1]5-IA), a radioli-
gand that has specificity for the agonist binding site on S,*-
nAChRs (Musachio et al., 1998, 1999; Horti et al., 1999), it is now
possible to measure this site in living smokers during acute absti-
nence from smoking and to determine the relationship of brain
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B,*-nAChR availability to smoking behavior and nicotine with-
drawal symptoms.

The goals of this study were to image 8,*-nAChRs in living
human smokers using [ '*’I]5-IA single-photon emission com-
puted tomography (SPECT) and to compare receptor availability
in smokers during early abstinence with corresponding values in
nonsmokers. We hypothesized that 3,*-nAChR availability
would be higher in recently abstinent smokers than in nonsmok-
ers. Because nicotine competes with [ '**I]5-IA binding for bind-
ing to nAChRs (Mukhin et al., 2000), we first studied nonhuman
primates chronically treated with nicotine to estimate the time
interval necessary for smokers to abstain from smoking (before
['*’1]5-TA SPECT imaging) to ensure that residual nicotine or
metabolite would not interfere with radioligand binding to the
receptor.

Materials and Methods

Nonhuman primates. Two gonadally intact adolescent (45 years old)
male rhesus monkeys (Macacca mulatta, 8.9 and 7.7 kg) participated in
the studies. Monkeys were housed individually in temperature- and
humidity-controlled rooms maintained on a 12 h light/dark schedule
with lights on at 7:00 A.M. Monkeys were fed Monkey Diet Biscuit daily
after each experimental session and were weighed biweekly. They partic-
ipated in a psychological enrichment program. The animal protocol was
approved by the Yale and Veterans Administration Animal Care and Use
Committees and is in compliance with United States Public Health Ser-
vice Policy on Humane Care and Use of Laboratory Animals.

Nicotine administration. Nicotine was administered orally using the
dose escalation paradigm described previously (Pietila et al., 1998). Nic-
otine (Sigma, St. Louis, MO) was administered in a saccharin—Kool-Aid
(Kraft Foods, Northfield, IL) solution as the sole source of fluid on a daily
basis (with the exception of days of nicotine withdrawal before each scan
and also for the day of and immediately after the scan). During weeks
0—4, the animals increased their average nicotine consumption from 3.3
to 37.5 mg/kg. During the last 5-8 weeks of the study, the animals’
average daily nicotine consumption was 30-38 mg/kg. After 6 and 8
weeks, the nicotine solution was removed and the monkeys had access to
water. Monkeys were imaged 1-2 d after 6 weeks and 7 d after 8 weeks of
nicotine exposure.

[*#*1]5-IA SPECT imaging of nonhuman primates. Nonhuman pri-
mates were imaged using methods described previously (Staley et al.,
2000). Each animal was fasted for 18 —24 h before SPECT scanning. Two
hours before the study, the animal was immobilized using ketamine (10
mg/kg, i.m.), positioned on the bed of the SPECT camera, and immedi-
ately prepared with an endotracheal tube for administration of 2.5%
isoflurane. Glycopyrrolate (10 ng/kg, i.m.), a long-acting peripheral an-
ticholinergic drug that does not cross the blood—brain barrier, was coad-
ministered with the initial ketamine injection to decrease respiratory and
digestive secretions. Body temperature was maintained at 35-36°C using
a heated water blanket. Vital signs, including heart rate, respiration rate,
oxygen saturation, and body temperature, were monitored every 15-30
min throughout each study. An intravenous perfusion line with 0.9%
saline was placed and used for the bolus injection and infusion of the
radiotracer. A second line was placed and was maintained with lactated
Ringer’s solution at a rate of 1.8 ml - kg ~' - h ™! throughout the experi-
ment and was used to obtain blood samples. The animal’s head was
immobilized within the gantry with a “bean bag” that hardens on evac-
uation (Olympic Medical, Seattle, WA). [ '2°I]5-1A was prepared to give
a product with radiochemical purity of >90%, and ['**1]5-IA plasma
levels were measured as described previously (Zoghbi et al., 2001). Re-
gional [ 1237]5-1A uptake was assessed after administration of [ 1237]5-1A
using the bolus (40.0 = 9.3 MBq) plus constant infusion (6.7 * 1.9
MBq/h) paradigm. Fifteen minute SPECT scans were acquired continu-
ously for 8 h with the nonhuman primate brain-dedicated multislice
CERASPECT camera (Digital Scintigraphics, Waltham, MA), and mag-
netic resonance imaging (MRI) scans were obtained and processed as
described previously (Staley et al., 2000). The primary outcome measure

Staley et al. @ Imaging 3, *Nicotinic Receptors in Human Smokers

for regional brain uptake was V7", which is proportional to the binding
potential (BP) (B,,,./Kp), assuming that there is no change in affinity
(Kp) and that nondisplaceable uptake does not differ between animals
and studies. Percentage change was calculated for each region of interest
(ROI) by the formula [((V;" during study condition/V,." during base-
line) — 1) x 100] at equilibrium. Equilibrium was established by hour 4
after injection of the radiotracer, as demonstrated by stable levels of
regional [ '*°T]5-TA uptake with average changes of 0.43%/h for cortical
regions and 0.62%/h for subcortical areas.

Measurement of plasma and urine cotinine levels. On each scan day,
plasma cotinine and nicotine concentrations were measured in plasma
obtained from EDTA anti-coagulated blood samples obtained at the start
and the completion of the [ '?*I]5-TA SPECT scan. Samples were centri-
fuged at room temperature and promptly frozen. Samples were stored in
the laboratory, protected from light at —60—-70°F. Cotinine and nicotine
concentrations in serum were assayed using reversed-phase HPLC. The
procedure was modified (Hariharan and VanNoord, 1988) by substitu-
tion of an aqueous micro-back-extraction clean-up step in place of
solvent evaporation. After addition of an internal standard (2-phenyl-
imidazole), cotinine and nicotine were extracted from alkalinized serum
with a 40:60 mixture of dichloromethane/hexane. After a micro-back
extraction into 0.1 M H;PO,, the aqueous phase was chromatographed
on a C6 reversed-phase column using a mobile phase of 10% acetonitrile
buffered to pH 4.8 and containing 20 ml of triethylamine and 0.6 g/L
octane-sulfonic acid. Between-day coefficients of variation for nicotine,
at concentrations of 4, 20, and 40 ng/ml were 17.7, 6.2, and 2.9%, respec-
tively. For cotinine, at concentrations of 20 and 200 ng/L, they were 11.6
and 6.6%, respectively. Plasma cotinine levels in the nonhuman primates
were within the range of plasma cotinine levels in human tobacco smok-
ers (>15 ng/ml, 1 pack per day; >300 ng/ml, >25 cigarettes per day).
Technical problems precluded determining plasma levels in one monkey
at 6 weeks/2 d withdrawal.

Urinary cotinine levels were monitored daily during the 7 d nicotine
withdrawal period using Accutest NicoMeter cotinine test strips (Jant
Pharmacal, Encino, CA).

Human subjects. Smokers (n = 16) and nonsmokers (n = 16) were
recruited from the Yale-New Haven Medical Center, Connecticut Men-
tal Health Center, Yale University, the West Haven Veterans Adminis-
tration Connecticut Hospital System, or the community by word of
mouth, posters, or newspaper advertisement. All subjects signed in-
formed consent, as approved by the Yale University School of Medicine
Human Investigation Committee, and the West Haven Veterans Admin-
istration Human Subjects Subcommittee, for relevant procedures con-
ducted at each site. All smokers and nonsmokers were evaluated by phys-
ical examination, electrocardiogram, routine laboratory screening of
both blood and urine, and structured interviews using the Structured
Clinical Interview of Diagnostic and Statistical Manual of Mental Disor-
ders (DSM) to rule out psychopathology or presence of psychiatric dis-
orders based on DSM IV criteria.

All subjects met the following criteria: (1) 18—60 years of age; (2) able
to read and write English; (3) alcohol consumption, by men, <21 alcohol
drinks per week and less than five alcohol drinks per occasion and, by
women, <14 alcohol drinks per week and less than four alcohol drinks
per occasion; (4) no evidence of acute or unstable medical or neurolog-
ical illness; (5) no evidence of atrioventricular heart block greater than
the first degree, evidence of ischemia, and, any unstable cardiac rhythm;
(6) no hypertension defined as sitting systolic blood pressure of >160
mmHgand/or sitting diastolic blood pressure of >100 mmHg; (7) sitting
pulse rate <100 beats per minute; (8) no axis I diagnosis other than
nicotine dependence; (9) no current or past year criteria for abuse or
dependence on cocaine, marijuana, opiates, or alcohol; (10) no regular
use of any psychotropic drugs, including anxiolytics and antidepressants
and herbal products within the past 6 months; (11) never used ecstasy
(3,4-methylenedioxymethamphetamine); (12) not pregnant or nursing;
and (13) no pacemaker or metal in body that would preclude safety of an
MRI scan. Smokers had to meet the following additional criteria: (1)
smoke =10 cigarettes per d for at least 1 year; (2) carbon monoxide levels
=8 ppm; and (3) plasma cotinine levels =150 ng/ml. Nonsmokers were
recruited to match the smokers on the basis of age, sex, and race and met
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the following additional criteria: (1) smoked <100 cigarettes in lifetime;
(and 2) plasma cotinine levels <15 ng/ml. In addition, women non-
smokers were matched to women smokers based on menstrual cycle
phase. On the SPECT scan day, menstrual cycle phase was documented
by self-report of the first day of the last menses and was categorized as
follicular (days 1-13) or luteal (days 15-28) for the purpose of matching
smokers and nonsmokers. Self-reports of menstrual cycle phase were
validated by plasma estrogen and progesterone levels.

The severity of nicotine dependence was assessed using the Fagerstrom
Test for Nicotine Dependence (FTND) (Heatherton et al., 1991), nico-
tine withdrawal symptoms were assessed using the Minnesota With-
drawal Questionnaire (MWQ) (Hatsukami et al., 1984), and the urge to
smoke (or craving) was assessed using the Urge to Smoke Questionnaire
(Tiffany and Drobes, 1991).

Smoking cessation: contingency management. Smokers (12 of 16) were
assisted in quitting smoking using brief behavioral counseling based on
Clinical Practice Guidelines and contingency management (Stitzer and
Bigelow, 1985; Stitzer et al., 1986; Roll et al., 1996). Four smokers ab-
stained without daily contingency management. Urine cotinine concen-
trations were monitored using the semiquantitative Accutest NicoMeter
Cotinine Test.

[*#*1]5-IA SPECT imaging of human subjects. Human smokers were
imaged as described previously (Staley et al., 2005). In brief, [ '*°1]5-IA
was administered using the bolus plus constant infusion paradigm with a
bolus to infusion ratio of 7.0 h, an average bolus of 135 * 13 and 129 *
20 MBq, and infusion rates of 214 * 3 and 212 £ 3 MBq/h for the 16
nonsmokers and 16 smokers, respectively. Three SPECT scans (30 min
each) were obtained between 6 and 8 h of infusion, and plasma samples
were collected immediately before and after the scan to quantify total
parent and the free fraction of parent tracer in plasma ( f;, free fraction)
(Zoghbi et al., 2001).

Image analysis. SPECT emission images were filtered using a three-
dimensional (3D) Butterworth filter (order, 10; cutoff frequency, 0.24
cycles/pixel) and reconstructed using a filtered back-projection algo-
rithm with a ramp filter on a 128 X 128 matrix to obtain 50 slices with a
pixel size 0f 2.06 X 2.06 X 3.56 mm in the x-, y-, and z-axes. Nonuniform
attenuation correction was performed (Rajeevan et al., 1998). Each sub-
ject’s MRI was coregistered to their SPECT image using SPM2 (Well-
come Department of Cognitive Neurology, University College London,
London, UK). The coregistered MRI was used to guide the placement of
standard two-dimensional ROI templates for each individual subject. A
3D volume of interest was generated for each region and transferred to
the coregistered SPECT image to determine regional radioactive densi-
ties (counts per minute/pixel). Standard-sized two-dimensional regions
of interest were placed on right and left hemispheres for frontal, parietal,
anterior cingulate, temporoinsular, and occipital cortices, caudate and
putamen, thalamus, and cerebellum. Regional 3,*-nAChR availability
was determined by V' (regional activity/total plasma parent), a highly
reproducible outcome measure (Staley et al., 2005). Two raters con-
ducted the region of interest analyses. The interclass coefficient to assess
inter-rater reliability (Rousson et al., 2002) ranged between 0.82 and 0.97
for the Vi measure across the eight brain regions. The mean of the
analyses from the two raters is reported.

A voxel-based analysis was conducted using statistical parametric
mapping (SPM2). For each subject, a mean image was made from the
three consecutive [ '2*1]5-IA emission scans and scaled to the total vol-
ume of distribution, V" (milliliters per cubic centimeter). The corre-
sponding MRI (coregistered to the SPECT mean [ '**1]5-TA V' image)
was coregistered to the standard T, MRI in SPM2, and the coregistration
parameters were applied to each mean [ '2°]5-1A V' image. When all
MRI and corresponding mean V;." images were coregistered to the T,
template, a mean MRI template and a mean [ '2°T]5-TA V.’ template were
made from the corresponding scan for each study participant (n = 32).
The mean MRI template was spatially normalized to the T, MRI template
in SPM2, and the parameters were applied to the mean [ '#’I]5-IA V.
template. Thereafter, each mean V.. map from each subject was spatially
normalized to the mean [ '*’T]5-TA SPECT V.’ template and smoothed
using a Gaussian kernel of 12 X 12 X 12 mm.

Statistical analyses. Differences in plasma and brain outcome measures
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between smokers and nonsmokers were evaluated first using a multivar-
iate ANOVA (MANOVA). Thereafter, univariate analyses were con-
ducted using a one-way, unpaired Student’s ¢ test. Bonferroni’s correc-
tion for multiple comparisons across eight brain regions indicated that p
values <0.00625 were highly significant.

Correlations between regional brain [ '2*I]5-1A uptake (V") and clin-
ical variables (including number of cigarettes smoked per day, FIND
score, and MWQ score) were conducted using Pearson’s correlation.

For voxel-based analyses, between-group analyses were conducted
comparing nonsmokers and smokers. In the smokers, the relationship
between [ '2°I]5-1A V' and various clinical measures of smoking behav-
ior were explored. T-statistic images were thresholded to a minimum
cluster size of 42 voxels calculated based on the nominal resolution, i.e.,
the full-width half-maximum, of a point source in water in the Picker
Prism 3000XP SPECT camera. The anatomic location of the most signif-
icant voxel in clusters demonstrating statistical significance ( p < 0.001)
after corrections for multiple comparisons was determined after conver-
sion of Montreal Neurological Institute stereotaxic coordinates to Ta-
lairach coordinates and submission of the results to Talairach Demon
(Lancaster et al., 1997, 2000).

Results
To estimate the necessary abstinence interval in subsequent hu-
man studies, we imaged two male adolescent rhesus macaques
twice (test—retest) with ['*°1]5-IA SPECT before oral nicotine
administration. Each animal participated in a third ['**1]5-1A
SPECT scan after 6 weeks of nicotine administration and 1 or 2 d
of withdrawal, and a fourth [ '*’I]5-IA SPECT scan after 2 addi-
tional weeks of nicotine treatment and 7 d of nicotine withdrawal.
Average regional [ '*’T]5-IA binding decreased from baseline
(41-65% change) after 1-2 d withdrawal, whereas ['*1]5-TA
binding robustly increased from baseline (240-276% change)
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Figure 1. ['2I]15-1A binding to 3,-nAChRs before (at baseline; B, B2) and after (6 and 8

weeks) unrestricted oral nicotine administration in nonhuman primates. After 6 weeks of oral
nicotine administration, animals were withdrawn for 1-2 d, and, after 8 weeks of nicotine
administration, animals were withdrawn for 7 d before [ "3I]5-IA SPECT imaging. Regional
["22115-1A uptake is represented by V;’. Note the reproducibility of measurement indicated by
lack of change between B1 and B2, the profound decrease followed by 1-2 d of withdrawal
(41-65% change at 6 weeks of nicotine treatment), and the dramatic increase followed by 7 d
of withdrawal (>200% after 8 weeks of nicotine treatment). The cortex represents the mean
values for all cortical measures. Individual cortical values and values for the thalamus, striatum,
and cerebellum are detailed in Table 1.
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after 7 d nicotine withdrawal (Fig. 1, Table
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Table 1. 3,*-nAChR availability in nonhuman primate brain before and after nicotine treatment

1). Venous plasma nicotine levels were B1 B2 6wk/1,2d %Decrease  8wk/7d 9% Increase
ng)grll%iblze S d57rilg(/) ?vlv)lt(;:i:ilvvsallj)Evaiesriz Thalamus %67+64 3247 171+33  53.7% 884+ 260  239%

» & T ) Striatum BI*11 B5E15 14T+ 21 42.8% 619 +340  252%
levels of plasma cotinine (the primary me-  py oty cortex 258+30  236+04 9608  61.3% 682211 276%
tabolite of nicotine) ranged from 265 to  Frontal cortex 8413 269406  97+13  651% B34+265  266%
299 ng/ml at 1-2 d withdrawal and from  (ingulatecortex 327 +23 30400  134%19  57.7% 770%276  244%

75 to 166 ng/ml at 7 d withdrawal. Daily  Temporalcortex ~ 23.2 + 1.6 237+ 06 121 +24 48.3% 59.4 = 20.4 254%
measurements of urinary cotinine during  Occipital cortex 199 =27 198 + 0.6 103 = 1.4 48.0% 544 £13.0 274%
nicotine w]thdrawal demonstrated levels (erebellum 9.6 =05 116 =19 6.2 04 41.2% 254 = 42 240%

of >10,000 ng/ml for days 1-4, with pro-
gressive decreases to <250 ng/ml at 7 d
withdrawal. Decreased 3,*-nAChR avail-

ability and elevated plasma and urinary A
cotinine at 1-2 d withdrawal, interpreted
in combination with the in vitro data (for
review, see Esterlis et al., 2005) demon-
strating  greater  concentrations  of
nAChRs within hours of the last nicotine
exposure, suggest that residual nicotine
or a metabolite, such as cotinine or nor-
nicotine, blocked ['**1]5-IA from bind-
ing to B,*-nAChR during the first 48 h of
nicotine withdrawal. After 7 d of nicotine
withdrawal, when plasma and urinary co-
tinine levels were significantly lower than
at baseline, we observed the expected ele-
vation in DB,*-nAChR availability, sug-
gesting that ~7 d of abstinence from
smoking is needed before imaging to en-
sure that residual nicotine and/or its me-
tabolite(s) did not interfere with [ '**I]5-
IA binding to 3,*-nAChR in smokers.

Next, we studied brain B,*-nAChR
availability in 16 nonsmokers (35.1 *
12.0 years) and 16 age- and sex-matched
smokers (37.0 * 12.2 years) using
['**1]5-IA SPECT. Each group consisted
of seven men and nine women. Women
nonsmokers and smokers were also
matched by phase of the menstrual cycle.
Fifteen of the 16 nonsmokers had never
smoked a cigarette, and one reported ex-
perimenting with smoking 18 years be-
fore study participation but did not meet
criteria for past dependence. Smokers
smoked at least 10 cigarettes per day for at least 1 year, with an
average of 20.1 * 7.5 cigarettes per day for 18.6 * 10.1 years.
Smoking status was confirmed by plasma cotinine levels (215.4 +
140.4 ng/ml) and also by carbon monoxide levels in expired air
(18.4 = 9.8 ppm atintake). Smokers demonstrated average scores
of 4.6 = 3.0 on the FIND, signifying a moderate level of
dependence.

Smokers abstained from smoking for 6.8 = 1.9 d to allow time
for nicotine or metabolite to clear from brain. Urine cotinine
concentrations declined from day 1 (range of 1000—10,000 ng/ml
cotinine) for all smokers, except one (100—250 ng/ml) to day 4 of
abstinence (0—1000 ng/ml). On the SPECT scan day, urinary
cotinine levels were <250 ng/ml for 14 of 16 smokers and <1000
ng/ml for two smokers. Carbon monoxide levels for smokers and
nonsmokers were 3.5 = 2.3 and 1.0 * 2.0 ppm, respectively.
Nonsmokers and smokers were administered [ '*’I]5-IA using
the bolus plus constant infusion paradigm and were imaged be-

B,-nAChR availability V. 0

from a single subject.

Nonsmokers

B1, Baseline 1; B2, baseline 2; 6wk/1,2d, 6 weeks of nicotine treatment and 1 or 2 d of withdrawal; %Decrease, difference between 6wk/1,2d and the mean
of the two baselines; 8wk/7d, 8 weeks of nicotine treatment and 7 d of withdrawal; %Increase, difference between 8wk/7d and the mean of the two baselines.

C

smokers> nonsmokers

SPM{T, )

t statistic

L]

t statistic

Smokers

o

Figure 2.  Voxel-based analysis using statistical parametric mapping (SPM2). A4, This t test demonstrated higher [ "3[]5-1A
uptake in recently abstinent smokers compared with nonsmokers. The ¢ statistic map (t;, height threshold, t = 4.10; extent
threshold, k = 42 voxels) illustrates brain regions with higher [ '[]5-1A regional distribution volume in smokers compared with
nonsmokers. B, Scatter plot illustrates the regional distribution volume (V") centered around the mean of the voxel with the
highest T statistic for nonsmokers and smokers. €, The regional localization of significant clusters on a representative MRI from a
single subject. D, The regional localization of significant clusters on a representative [ '2[]5-IA regional distribution volume map

tween 6 and 8 h. The concentration of unmetabolized [ '*’I]5-1A
and the percentage of [ '*’1]5-IA not bound to plasma proteins
(f,) did not vary significantly between nonsmokers and smokers
[0.31 = 0.09 and 0.26 = 0.08 kBg/ml, respectively; 95% confi-
dence interval (—0.114, 0.009); p = 0.09; and 35.4 * 3.2 and
36.6 £ 4.9%, respectively; p = 0.44]. Voxel-based analyses (df =
30) demonstrated significantly higher 8,*-nAChR availability for
a large cluster (T = 5.20; p = 0.000 corrected) that included the
parietal cortex [Brodmann’s area 40 (BA 40)], cingulate gyrus
(BA 31), middle temporal gyrus (BA 39), and for two smaller
clusters in the middle frontal gyrus that included BA 6 (T = 4.43;
p = 0.03 corrected) and BA 9 (T = 4.19; p = 0.04 corrected) in
recently abstinent smokers compared with nonsmokers (Fig. 2).
MANOVA of the region of interest analyses for eight brain re-
gions confirmed significantly higher [ '*’1]5-IA brain uptake in
recently abstinent smokers compared with nonsmokers (F =
11.2821; df = 8,23; p values <0.001) in cortical areas (26-36%
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Table 2. 3,*-nAChR availability in nonsmokers versus smokers
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smoke for either region of interest analyses

Nonsmokers (n = 16), Smokers (n = 16),

9% Difference smokers

or voxel-based analyses.

Region mean * SD mean * SD vs nonsmokers Fstatistic ~ pvalue . .
Discussion

Thalamus 481 =84 523 %83 8.7% 2.03 01651 o - A des the first direct evi.
Striatum 245+38 311 %50 26.9% 17.43 0.0002% 15 report provides the st direct evi
Parietal cortex 179+ 26 29+ 44 27.9% 153 00005  dence that brain B,*-nAChR densities are
Frontal cortex 199+ 238 251+ 49 26.1% 13.34 00010+ higher in the striatum, cerebellum, and ce-
Anterior cingulate  18.8 == 2.7 255+ 45 35.6% 2634 0.00002% rebral cortex during early abstinence in
Temporal cortex 206 + 3.4 262+ 4.0 27.2% 18.32 0.0002* living human smokers compared with
Occipital cortex 18.6 = 2.8 253 +47 36.0% 375 0.00003* nonsmokers and that 3,*-nAChR avail-
Cerebellum B0 x45 288+ 48 25.2% 12.56 0.0013*

ability in the somatosensory cortex corre-

B,*-nAChR availability is reported as V;" = regional [2*[]5-IA activity/total plasma ['*[]5-IA activity. *p values <<0.00625 are significant after Bonferroni's

correction.

Never Smoker (Female, 31 yo)

w o=

ﬁﬁ

Smoker (Female, 32 yo ), Abstinent 7 days

Figure 3.

difference), striatum (27% difference), and cerebellum (25% dif-
ference) but not in the thalamus (Table 2; Fig. 3).

The relationship between 3,*-nAChR availability and various
correlates of smoking behavior was also studied. The voxel-based
analyses demonstrated that 8,*-nAChR availability in the ante-
rior cingulate cortex and frontal cortex (BA 5 and BA 6) corre-
lated significantly with the number of days since last cigarette,
suggesting that 8,*-nAChR availability increased progressively
with continued days of abstinence. We also observed a significant
negative correlation between 3,*-nAChR availability in the post-
central gyrus or somatosensory cortex (BA 43) and the urge to
smoke to relieve withdrawal symptoms (Table 3). There were no
significant correlations between regional 8,*-nAChR availability
and number of cigarettes smoked per day, severity of nicotine
dependence, severity of nicotine withdrawal, or the urge to

Parametric image of 3,-nAChR availability in a nonsmoker and a smoker and scatter plots illustrating individual
regional ;" values, in nonsmokers (n = 16) and smokers (n = 16). The parametric images illustrate 3,-nAChR availability at
similar transaxial levels of brain, showing frontal, parietal, anterior cingulate, temporal and occipital cortices, and the thalamus
and cerebellum in a representative nonsmoker and age- and sex-matched smoker. The color scale is shown with red, yellow,
green, and blue corresponding to ;" values. The scatter plots on the bottom row illustrate individual V;" values for nonsmokers
(n=16) and age- and sex-matched smokers (n = 16) in the striatum (mean of caudate and putamen), cortex (mean of all cortical
regions including parietal, frontal, anterior cingulate, temporoinsular, and occipital cortices), and the cerebellum. Note that
striatal, cortical, and cerebellar [ '?*[15-1A uptake values were significantly higher in the smokers compared with the nonsmokers
(pvalues = 0.0002,0.0001,and 0.0013, respectively), whereas there was no significant difference in thalamic [ 123]15-1A uptake.

lated with the urge to smoke to relieve
withdrawal symptoms. We also observed
that B,*-nAChR availability in the frontal
and cingulate cortex correlated positively
with the days since last cigarette, suggest-
ing that nicotine has not yet completely
cleared from the binding site. These find-
ings were substantiated by our experiment
in nonhuman primates that confirmed
that higher 8,*-nAChR availability is at-
tributable to nicotine (vs other chemicals
in tobacco smoke) and also provided the
first evidence that clearance of nicotine
or a pharmacologically active metabo-
lite (a metabolite that is occupying the
receptor and blocking the radioligand
from binding) takes several days after
the last administration to clear brain.
The apparent long residence time of
nicotine on B,*-nAChR in brain is sur-
prising given that the terminal half-life of
nicotine is 1.6 h in macaques (Schoedel et
al., 2003) and that radiolabeled nicotine
rapidly clears from brain (Crooks and
Dwoskin, 1997; Crooks et al., 1997). The
rapid pharmacokinetics were observed,
however, after a single administration of a
trace dose of intravenous nicotine, and the
accumulation of nicotine and/or metabo-
lites (Vainio and Tuominen, 2001) in
brain may differ with protracted and re-
peated nicotine administration. Nicotine
is highly lipophilic and, when radiola-
beled, demonstrates very high levels of
nonspecific brain uptake (Broussolle et
al., 1989; Muzic et al., 1998). Therefore,
nicotine and/or its metabolites may accu-
mulate in nonspecific compartments in
brain, such as white matter, and then diffuse slowly into the gray
matter areas in which there are higher levels of nAChRs. Urinary
cotinine, the primary metabolite of nicotine, has a longer half-life
than nicotine and appears to be a useful indicator of the clearance
of nicotine or a metabolite from brain. Importantly, large indi-
vidual differences in urinary cotinine clearance have been ob-
served in human smokers over the first week of abstinence, with
cotinine levels declining to levels comparable with those in non-
smokers over a 4—7 d period after smoking cessation. Interindi-
vidual variability in nicotine metabolism in human smokers is
expected because individuals with different CYP2A6 genotypes
differentially metabolize nicotine (Tyndale and Sellers, 2001).
We did not observe a relationship between ,*-nAChR avail-
ability in brain and the number of cigarettes smoked per day,
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Table 3. Relationships between (3,*-nAChR Availability (V;') and correlates of smoking behavior

Staley et al. @ Imaging 3, *Nicotinic Receptors in Human Smokers

Most significant Cluster size Correlation pvalue pvalue
Clinical correlate Brain region voxel (x,y,x) (K,) T statistic coefficient (r) uncorrected corrected
-+ Days since last cigarette Anterior cingulate 14,12,24 405 8.62 0.95 0.004 0.020
Frontal cortex BA 6 —20,4,62 269 8.27 0.95 0.014 0.074
Frontal cortex 40,—44,8 255 7.06 0.93 0.016 0.086
Paracentral
Lobule BA5
—Smoke to relieve withdrawal Parietal cortex —58,—16,20 M 7.8 0.93 0.016 0.071
Postcentral
Gyrus BA43

unlike a previous study that demonstrated a positive correlation
between [*H]nicotine binding to nAChRs on polymorphonu-
clear lymphocytes and the number of cigarettes smoked per day
(Benhammou et al., 2000). This discrepancy may be attributable
to differences in nAChR subtypes between tissues or differences
between samples from current smokers versus recently abstinent
smokers; alternatively, the relationship may have been masked by
residual nicotine and/or metabolites in heavy smokers or smok-
ers that were imaged at 4-5 d of abstinence versus 7-9 d when
nicotine was more likely to have cleared.

There were notable regional differences in 3,*-nAChR avail-
ability in smokers with robustly higher levels throughout the ce-
rebral cortex, striatum, and cerebellum but not thalamus com-
pared with the nicotine-treated nonhuman primates, which
exhibited higher [ '*’1]5-1A binding throughout all brain regions.
Although a species difference cannot be ruled out, this divergence
may suggest that the ability of nicotine to regulate 3,*-nAChR
availability is age or sex dependent because the nonhuman pri-
mates were male adolescents and the smokers were male and
female adults (Slotkin, 2002; Nguyen et al., 2003). The lack of a
significant effect on thalamic B,*-nAChRs in adulthood com-
pared with adolescence, when >90% of smokers start smoking,
suggests that it may be of interest to explore the possibility that
thalamic B,*-nAChRs play a role in the initiation of tobacco
smoking behavior, whereas 8,*-nAChR adaptations in the stria-
tal reward centers and cortical brain areas contribute both to
initiation and maintenance of smoking behavior.

Higher brain [ '*’1]5-IA uptake in recently abstinent smokers
suggests greater availability of nicotine binding sites on B,*-
nAChRs. Although 3, subunits exist in several different combi-
nations with «,, a5, ay, and @, subunits, the o, 3, combination is
most prevalent and also the most sensitive to upregulation by
nicotine (Nguyen et al., 2003; Sallette et al., 2004). Greater [3,*-
nAChHR availability is not associated with changes in 3,*-nAChR
mRNA (Marks et al., 1992; Peng et al., 1994; Zhang et al., 1994)
protein synthesis (Buisson and Bertrand, 2001), rate of receptor
internalization, postendocytic trafficking, or lysosomal degrada-
tion (Darsow et al., 2005), but instead appears to be attributable
to occupancy of the nicotine binding site that bridges the o/
subunit interface of the nAChR in an immature, low-affinity con-
formation that facilitates glycosylation and maturation of the
a,f3, nAChR to a more stable conformation with higher affinity
for nicotine (Darsow et al., 2005; Sallette et al., 2005). It has been
suggested that, in a normal situation, these immature oligomers
are rapidly degraded but, in the presence of nicotine, mature and
become stabilized in a high-affinity conformation (Sallette et al.,
2005). Alternatively, it has also been suggested that the upregula-
tion occurs as a consequence of increased assembly of a, and 3,
subunits in the endoplasmic reticulum (Nashmi et al., 2003),
enhanced maturation and transport through the secretory path-

way to the cell membrane (Sallette et al., 2005), increased trans-
port to the membrane (Harkness and Millar, 2002), and/or de-
creased receptor turnover (Peng et al., 1994; Wang et al., 1998).

Functionally, greater B,*-nAChR availability in tobacco
smokers likely represents greater numbers of desensitized and
inactivated nAChRs (Wonnacott, 1990; Dani and Heinemann,
1996). However, there are some reports suggesting that increased
nicotine binding is sometimes paralleled by increased nAChR
function (Buisson and Bertrand, 2001). The relationship between
greater 3,*-nAChR availability and nAChR function may vary in
a region-dependent manner attributable to different subunit
combinations that demonstrate increased agonist binding but
differ in the effects on function (Rush et al., 2002).

The clinical significance of higher 8,*-nAChR availability in
smokers beyond its role in initiating the reinforcing properties of
tobacco smoking is unclear. Because the 3,*-nAChR is the initial
site of action of nicotine, adaptive changes during acute absti-
nence may be associated with nicotine withdrawal symptoms that
emerge within hours after the last cigarette and persist for 3—4
weeks (Hughes and Hatsukami, 1986). However, there was no
evidence for a significant correlation between [3,*-nAChR avail-
ability and the severity of nicotine withdrawal assessed by the
MWS on the scan day. The lack of a relationship with the MWS
score suggests that adaptive changes in 3,-nAChR availability are
not responsible for the overall severity of nicotine withdrawal
symptoms measured after 4—9 d of abstinence but does not pre-
clude a more direct relationship with individual features of nico-
tine withdrawal such as anxiety, depression, poor concentration,
irritability, and restlessness. Because of the myriad of symptoms
and the wide-ranging actions of nicotine on brain neurochemis-
try, the severity of nicotine withdrawal is likely determined by the
complex interplay between 3,*-nAChRs and other neurochemi-
cal systems.

Although most withdrawal symptoms resolve after a few days
of abstinence, craving (i.e., the urge to smoke) is a prominent
feature of nicotine dependence (Tiffany and Drobes, 1991) and is
a primary factor associated with relapse (Killen et al., 1997). We
observed no relationship between the desire to smoke a cigarette
to enhance positive affect and 3,*-nAChR availability. However,
we did observe a significant relationship between f3,-nAChR
availability in the sensorimotor cortex (Brodmann’s area 43) and
the urge to smoke to relieve withdrawal symptoms. Thus, if there
are fewer ,-nAChRs in the sensorimotor cortex, there is a
greater urge to smoke to relieve withdrawal symptoms. Given
that the sensorimotor cortex is involved in mouth and taste re-
ception, these findings may suggest that occupancy of 8,-nAChR
by nicotine in the sensorimotor cortex may contribute to some of
the sensory cues or “tasting of cigarettes” that has been shown to
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play an important role in the relief of craving and the urge to
smoke (Rose and Behm, 1994).

In conclusion, these findings provide the first demonstration
that recently abstinent smokers have more cortical, striatal, and
cerebellar B,*-nAChR sites available for binding than nonsmok-
ers and that 8,*-nAChRs in the somatosensory cortex contribute
to the urge to smoke to relieve withdrawal. Our parallel studies in
nonhuman primates were critical in determining the optimal
time for human imaging, because time points earlier than 1 week
of abstinence, when nicotine or its metabolite were not com-
pletely cleared from the brain, might have suggested incorrectly
that there was no alteration in ,*-nAChR availability. Impor-
tantly, these studies demonstrate that, when smokers quit smok-
ing, they do so in the face of a significant increase in the receptors
normally activated by nicotine. 8,*-nAChR availability during
early abstinence likely plays an important role in the ability of
smokers to stay abstinent. The findings from these studies are the
foundation for future studies that will determine how the higher
number of 3,*-nAChRs is normalized by medication or exacer-
bated in patients who have more difficulty quitting smoking,
such as those with neuropsychiatric disorders.
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