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Cigarette Smoking Saturates Brain �4�2 Nicotinic
Acetylcholine Receptors
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Svetlana I. Chefer, PhD; Andrei O. Koren, PhD; Alexey G. Mukhin, MD, PhD

Context: 2-[18F]fluoro-3-(2(S)-azetidinylmethoxy) pyri-
dine (2-F-A-85380, abbreviated as 2-FA) is a recently de-
veloped radioligand that allows for visualization of brain
�4�2* nicotinic acetylcholine receptors (nAChRs) with posi-
tron emission tomography (PET) scanning in humans.

Objective: To determine the effect of cigarette smok-
ing on �4�2* nAChR occupancy in tobacco-dependent
smokers.

Design: Fourteen 2-FA PET scanning sessions were per-
formed. During the PET scanning sessions, subjects
smoked 1 of 5 amounts (none, 1 puff, 3 puffs, 1 full ciga-
rette, or to satiety [21⁄2 to 3 cigarettes]).

Setting: Academic brain imaging center.

Participants: Eleven tobacco-dependent smokers (paid
volunteers).

Main Outcome Measure: Dose-dependent effect of
smoking on occupancy of �4�2* nAChRs, as measured
with 2-FA and PET in nAChR-rich brain regions.

Results: Smoking 0.13 (1 to 2 puffs) of a cigarette re-
sulted in 50% occupancy of �4�2* nAChRs for 3.1 hours
after smoking. Smoking a full cigarette (or more) re-
sulted in more than 88% receptor occupancy and was
accompanied by a reduction in cigarette craving. A ve-
nous plasma nicotine concentration of 0.87 ng/mL
(roughly 1⁄25th of the level achieved in typical daily
smokers) was associated with 50% occupancy of �4�2*
nAChRs.

Conclusions: Cigarette smoking in amounts used by typi-
cal daily smokers leads to nearly complete occupancy of
�4�2* nAChRs, indicating that tobacco-dependent smok-
ers maintain �4�2* nAChR saturation throughout the day.
Because prolonged binding of nicotine to �4�2* nAChRs
is associated with desensitization of these receptors, the
extent of receptor occupancy found herein suggests that
smoking may lead to withdrawal alleviation by main-
taining nAChRs in the desensitized state.
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T OBACCO DEPENDENCE (PRI-
marily through cigarette
smoking) is a major risk
factor for death and disabil-
ity worldwide.1,2 This con-

dition is relatively resistant to treatment,
as evidenced by the fact that most smok-
ers endorse a desire to quit3 but very few
are able to do so on their own4 and fewer
than half are able to quit long-term even
with comprehensive treatment.3,5 A greater
understanding of the mechanisms that un-
derlie tobacco dependence may aid in the
development of improved treatments for
this condition.

Of the thousands of components of to-
bacco smoke, nicotine is the one that is
most closely linked to tobacco depen-
dence.6 Nicotine administration provides
positive reinforcement7,8 and ameliorates
a range of behavioral states that accom-
pany smoking abstinence, including irri-
tability,9 anxiety,9 and deficits in cogni-
tive performance.10-12 Extensive animal

research demonstrates that the interac-
tion of nicotine with nicotinic acetylcho-
line receptors (nAChRs)13 (along with as-
sociated actions of nicotine) activates
dopamine pathways projecting to the
nucleus accumbens,14-19 leading to posi-
tive reinforcement.8,20

The nAChR containing �4 and �2 sub-
units (�4�2* subtype) is the predominant
receptor subtype in the mammalian brain,
and the �4

21 and �2
22-25 subunits have been

linked to the positive-reinforcing (and
cognitive function–enhancing) effects of
nicotine. Nicotine has high affinity for
�4�2* receptors, and therefore, these re-
ceptors are considered as primary targets
for the actions of nicotine during cigarette
smoking. Studies with engineered mutant
mice suggest that �4�2* nAChRs are nec-
essary and sufficient to exhibit in vivo ef-
fects of smoking, such as tolerance and
sensitization.21

The affinity of nicotine for the �4�2*
nAChR measured in vitro is in the range
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of 0.5 to 14 nmol,26 which is equal to a concentration of
0.01 to 2.3 ng/mL. Typical human smokers have venous
plasma nicotine concentrations of 10 to 50 ng/mL dur-
ing the day.27 Based on these reports, we hypothesized
that human cigarette smoking results in nearly com-
plete saturation of �4�2* nAChRs.

2-[18F]fluoro-3-(2(S)azetidinylmethoxy) pyridine
(2-F-A-85380, abbreviated as 2-FA) is a radiotracer re-
cently developed for the in vivo imaging of �4�2* nAChRs
with positron emission tomography (PET).28-30 Positron
emission tomography studies in nonhuman primates dem-
onstrate that receptor binding of 2-FA31 (and another PET
radiotracer for �4�2* nAChRs32) can be decreased by ad-
ministration of nicotine or inhalation of tobacco smoke.
Recent studies have demonstrated the safety of this ra-
diotracer for use in humans.30,33-35 Using 2-FA and PET,
we sought to determine the effect of cigarette smoking
on brain �4�2* nAChR occupancy in tobacco-
dependent smokers.

METHODS

SUBJECTS

Eleven tobacco-dependent smokers (�20 cigarettes per day),
who were recruited through advertisements in local newspa-
pers and the Internet, participated in the study. Eight subjects
were scanned only once in an experimental (smoking) condi-
tion, while 3 subjects underwent 2 scanning sessions, 1 in an
experimental (smoking) condition and 1 in a control (no
smoking) condition, as described later, so that a total of 14
PET scanning sessions were performed for this study. Sub-
jects met DSM-IV criteria for nicotine dependence but were
otherwise healthy.

Initial screening consisted of an anonymous telephone in-
terview in which medical, psychiatric, and substance abuse
histories were obtained. Qualified subjects were then assessed
in person using screening questions from the Structured
Clinical Interview for DSM-IV36 2 days prior to PET scanning.
The central inclusion criterion was the DSM-IV diagnosis of
nicotine dependence, while any history of an Axis I psychiat-
ric or substance abuse/dependence diagnosis other than nico-
tine dependence was exclusionary. Other exclusion criteria
were pregnancy and current use of medications or any history
of a medical condition that might affect the central nervous
system at the time of scanning (eg, current treatment with a
�-blocker or analgesic medication or history of head trauma
with loss of consciousness or epilepsy). Women of childbear-
ing potential had a urine pregnancy test. Subjects who occa-
sionally used alcohol, caffeine, or other drugs, but did not
meet criteria for abuse or dependence, were allowed to par-
ticipate in the study but were instructed to abstain for the 2
days prior to PET scanning. Subjects who drank more than
the equivalent of 2 cups of coffee per day (300 mg of caffeine
per day) were also excluded, as were subjects who experi-
enced caffeine withdrawal symptoms (such as irritability,
flushing, or headache) temporally associated with caffeine in-
gestion. After complete description of the study to subjects,
written informed consent was obtained using forms approved
by the local institutional review board.

During the initial visit, additional screening data were ob-
tained, including the smoker’s profile form (which includes
smoking history data, such as current smoking level, years
smoked, brand of cigarette smoked, and quit periods) and scores
on the Fagerström Test for Nicotine Dependence,37,38 the Beck

Depression Inventory,39 the Spielberger State-Trait Anxiety In-
ventory,40 and the Shiffman-Jarvik Withdrawal Scale.41 An ex-
haled carbon monoxide (CO) level was obtained using the Mi-
croSmokerlyzer (Bedfont Scientific Ltd, Kent, England) at the
initial visit to verify smoking status (subjects were considered
to be active smokers if a CO level of �8 ppm was obtained).

GENERAL STUDY DESIGN

Participants underwent the following sequence of procedures
(described in greater detail later): abstinence from cigarettes
and nicotine-containing products for 2 days, a bolus-plus–
continuous infusion 2-FA PET scanning session including smok-
ing between 0 and 3.5 cigarettes, blood sampling for plasma
nicotine levels and withdrawal symptom monitoring during the
PET scanning session, and structural magnetic resonance im-
aging (MRI) of the brain within 1 week of PET scanning to aid
in localization of regions of interest on PET scans.

ABSTINENCE PERIOD

After the initial screening, participants were instructed to be-
gin smoking/nicotine abstinence at 6 PM 2 nights prior to PET
scanning. They reported to our laboratory at 1 PM the day after
initiating abstinence. At that time, an exhaled CO level was
measured and a brief clinical interview was performed. Par-
ticipants were deemed to be compliant with study protocol if
they reported no smoking since 6 PM the previous night and
had an exhaled CO measurement of 8 ppm or less. Subjects
were then seen the following day for PET scanning and were
required to report continuous abstinence since 2 nights previ-
ously and have an exhaled CO level of 3 ppm or less to un-
dergo PET scanning.

PET PROTOCOL

At noon on the day of PET scanning, subjects arrived at the
Greater Los Angeles Veterans Affairs Healthcare System PET
Center, and abstinence was verified as described earlier. Each
participant then had an intravenous catheter placed at 12:45
PM in a room adjacent to the PET scanner. At 1 PM, bolus-plus–
continuous infusion 2-FA was initiated. In this study, the amount
of 2-FA administered as a bolus was equal to the amount in-
fused over 500 minutes (Kbolus=500 minutes).42,43 Consistent
with this paradigm, 144 MBq (mean±SD, 3.88±0.16 mCi) of
2-FA was administered as an intravenous bolus, followed by
continuous infusion of 138 MBq (mean±SD, 3.72±0.15 mCi)
in 57.6 mL of saline over the next 480 minutes (7.2 mL per
hour) for a total effective dose of radioactivity of 187.5 MBq
(mean±SD, 5.08±0.21 mCi). All PET scans were obtained as
series of 10-minute frames.

Three PET scanning sessions were performed without smok-
ing, as control sessions. For 2 of these sessions, subjects were
positioned in the scanner before administration of 2-FA, and
PET scanning began at the time of bolus injection and contin-
ued for 8 hours with 7 scheduled breaks and no smoking to
demonstrate the full time-activity curves for the 2-FA method
used herein (Figure 1). For the third session, a subject pre-
ferred not to be scanned for the full 8 hours and was scanned
without smoking, using the shorter (5 hours) scanning proto-
col as in the experimental sessions described next.

For the 11 experimental sessions with smoking, subjects re-
ceived the bolus injection of 2-FA in a room adjacent to the
PET scanner. They then remained seated in this room for the
next 3 hours to allow the radiotracer to reach a relatively steady
state. At 4 PM, brain scanning commenced and continued for
60 minutes. At 5 PM (4 hours after the initiation of 2-FA ad-
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ministration), subjects had a 10-minute break in scanning, dur-
ing which they smoked between 0 and 3 cigarettes of their fa-
vorite brand (because we were interested in studying �4�2*
nAChR occupancy from typical smoking conditions). All sub-
jects smoked regular (not light) cigarettes with similar nico-
tine yields (range, 1.2-1.4 mg).44 The 5 smoking levels for this
study were no smoking (n=3); a single puff, which included
only lighting a cigarette and inhaling (measured as roughly one
twelfth of a cigarette) (n=2); 3 puffs of a cigarette (measured
as approximately one quarter of a cigarette) (n=3); a full ciga-
rette (n=3); and satiety (21⁄2-3 cigarettes) (n=3). Subjects were
then scanned for 3 hours 50 minutes more with 3 scheduled
10- or 15-minute breaks. Scanning ended at 9 PM.

Blood samples (5 mL) for assay of venous plasma nicotine
levels were drawn immediately before and at 10 and 185 min-
utes following the smoke break from a dual port in the intra-
venous catheter placed for 2-FA infusion. Two subjects who
smoked a full cigarette had a full series of venous plasma nico-
tine levels drawn prior to the smoke break and at 2, 10, 30, 65,
and 185 minutes after the smoke break. Samples were centri-
fuged, and concentrations of venous plasma nicotine were de-
termined in the laboratory of Peyton Jacob III, PhD, at the
University of California, San Francisco, by gas chromatogra-
phy with nitrogen-phosphorus detection,45 using 5-methyl-
nicotine as an internal standard. The lower limit of quantita-
tion was 1 ng/mL.

Cigarette craving was monitored with the Urge to Smoke
Scale,46,47 an analog scale (range, 0-6) with 10 craving-related
questions. This scale was filled out at the beginning of the first
break in scanning (prior to smoking), at the end of the first break
(after smoking), and during each of the 3 remaining breaks in
scanning.

The PET scans were obtained on a General Electric Ad-
vance NXi scanner (General Electric Medical Systems, Milwau-
kee, Wis) with 35 slices in 3-dimensional mode, transaxial reso-
lution full width at half maximum 5.2 to 7.7 mm.48 Scans were
acquired as series of 10-minute frames. Attenuation correc-
tion scanning was performed with the germanium rotating rod
source built into the General Electric scanner for 5 minutes at
the end of the scanning session, and this attenuation correc-
tion was applied to all scans from the session. F 18 was pre-
pared with the CP-45 variable proton energy negative ion cy-
clotron (The Cyclotron Corporation) and 2-FA was prepared
by a published method.49 Specific activities ranged from 122
to 241 GBq/µmol (range, 3.3-6.5 Ci/µmol).

MAGNETIC RESONANCE IMAGING

An MRI of the brain was obtained within a week of PET scan-
ning to aid in localization of brain regions on the PET scans,
with the following specifications: 3-dimensional Fourier-
transform spoiled gradient-recalled acquisition with repeti-
tion time=30 milliseconds, echo time=7 milliseconds, 30° angle,
2 acquisitions, and 256�192 view matrix. The acquired vol-
ume was reconstructed as roughly 90 contiguous 1.5-mm-
thick transaxial sections.

REGION OF
INTEREST PLACEMENT

Magnetic resonance imaging to PET coregistration was per-
formed using an automated image registration method.50 Re-
gions of interest were drawn on MRI and transferred to coreg-
istered PET scans. Regions of interest included the thalamus,
brainstem, cerebellum, prefrontal cortex, and corpus callo-
sum. The thalamus, brainstem, and cerebellum were analyzed
as whole structures while representative sections of the pre-

frontal cortex (middle frontal gyrus parallel to the body of cin-
gulate) and genu of the corpus callosum (on sagittal images)
were drawn. These brain regions were chosen based on prior
reports indicating a range of nAChR densities in these regions
from highest (thalamus) to lowest (corpus callosum).51-54

Mean±SD volumes for the thalamus, brainstem, and cerebel-
lum were 4.97±0.22, 18.37±3.41, and 95.71±13.77 cm3, re-
spectively. The expected ratio of specific to nonspecific bind-
ing for the thalamus based on a study of nonhuman primates
using 2-FA PET was roughly 2:1.29

DERIVATIONS OF
RECEPTOR OCCUPANCY PARAMETERS

The total concentration of tissue radioactivity (CT) without smok-
ing can be expressed as follows: CT=CSB�CF�CNB, where CSB

is the concentration of specifically bound radioligand, CF is the
concentration of free radioligand, and CNB is the concentra-
tion of nonspecifically bound radioligand. After smoking,
C′T=C′SB�CF�CNB. In subjects who smoked, C′SB�CSB be-
cause nicotine, its metabolites, or perhaps other components
of tobacco smoke displace some of the specifically bound ra-
diotracer.

At equilibrium conditions and assuming that CF and CNB

are unchanged as a result of smoking, the fractional displace-
ment (FD) of radiotracer can be expressed as the following:

where

is the fraction of the tissue radioactivity (before smoking) that
represents specifically bound radioligand and is therefore the
maximum fraction of radiotracer that can be displaced.
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Figure 1. Time-activity curves (mean±SEM) for the 2 subjects undergoing
full (8 hours) scanning with no smoking. The graphs demonstrate that 3 to
4 hours from the beginning of radioligand infusion are needed to reach a
near steady state in the primary regions of interest for the bolus/infusion
paradigm used herein. The average increase in radioactivity starting 3.5
hours after initiation of 2-[18F]fluoro-3-(2(S)-azetidinylmethoxy) pyridine
(2-F-A-85380) administration was 3.2%, 3.2%, and 2.6% per hour for the
thalamus, brainstem, and cerebellum, respectively.

FD =
CT − C′T

CT
= R

CSB − C′SB

CSB
(1)

R =
CSB

CT
(2)
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At a tracer dose of radioligand (CSB�Bmax), where Bmax is the
receptor concentration, we can derive the following equation from
equation 1 (again assuming equilibrium):

where

[Ni] and [Ach] are the tissue concentrations of nicotine and
acetylcholine, respectively, and K[Ni] and K[ACh] are the equilib-
rium dissociation constants for nicotine and acetylcholine,
respectively.

The tissue nicotine concentration is assumed to be directly
proportional to the amount of cigarette smoked and to the ve-
nous plasma nicotine concentration. Therefore, equation 3 can
be expressed as:

where ED50 and [D] are in units of cigarettes smoked (or frac-
tions thereof) and EC50 (plasma) (simply called EC50 in the rest
of this article) and plasma nicotine concentration [Ni] are in
units of nanograms per milliliter or nanomole (nM).

Maximum fractional displacement (R) is also related to the
commonly used parameter binding potential (BP*), which is
defined as the ratio of VDSB to VDNDR,55 where VDSB and VDNDR

are the volumes of distribution for the specific binding and non-
displaceable radioactivity compartments, respectively. Consis-
tent with equation 3, R is defined by the equation:

and BP* can be determined from R, using the equation:

DATA ANALYSIS

For all drawn regions of interest, displacement of radiotracer was
found from before to after smoking (even in the lowest nAChR
density region, the corpus callosum). This observation limited
using the reference region approach for calculations of specific
binding. In addition, this evaluation revealed that the highest lev-
els of specific binding were in the thalamus, brainstem, and cer-
ebellum, so that these regions were used for analysis herein, and
each of the 3 regions was analyzed independently. For calcula-
tion of the dose-dependent effects of smoking on receptor oc-
cupancy, we calculated fractional displacement of total radioac-
tivity for each subject and each smoking condition.

CT and C′T values were determined by averaging data from the
six 10-minute frames (1 hour) prior to the smoking break (180-
240 minutes [mean, 3.5 hours] after bolus injection) and from
the last seven 10-minute frames of the PET scanning session (395-

480 minutes, including a 15-minute break, [mean, 7.3 hours] af-
ter bolus injection) (Figure 2 and Figure 3).

The displacement of total radioactivity (CT minus C′T) for
each cigarette dose or venous plasma nicotine level was ex-
pressed as a percentage of CT and plotted as a function of amount
of cigarette smoked (Figure 4A) or venous plasma nicotine
concentration. In these plots, the asymptotic portion of the curve
represents the maximum fractional displacement of radioac-
tivity. The plotted data were fitted to equations 5 and 6 men-
tioned earlier, using nonlinear regression with SigmaStat soft-
ware (Systat Software, Inc, Richmond, Calif) to determine ED50

(percentage of a cigarette needed to displace 50% of the radio-
tracer), EC50 (venous plasma nicotine concentration that was
associated with 50% radiotracer displacement), and R (maxi-
mum fractional displacement). Percentage of receptor occu-
pancy was also calculated by dividing the fractional displace-
ment (as determined in equation 1) by R.

We performed these calculations for the raw CT value data
and for data corrected for the imperfect steady state found in
the no-smoking (control) scans (see “Results” section, para-
graphs 2 and 4). The BP* values were calculated based on the
R value for each region using equation 8.

RESULTS

Subjects were adults (mean±SD age, 36.6±11.8 years;
8 men, 3 women) who smoked 22.2±2.8 (mean±SD) regu-
lar cigarettes per day and had been smoking for a mean±SD
of 17.5±10.5 years. Six subjects were African American,
4 subjects were white, and 1 subject was Asian American.
One participant’s longest previous quit period was 2 years,
while the others had longest quit periods ranging from a
few days to 1 year. Mean±SD total scores for the Fager-
ström Test for Nicotine Dependence (5.9±2.2) and the Beck
Depression Inventory (3.1±2.5) and mean±SD per item
scores for the Spielberger State-Trait Anxiety Index
(1.8±0.5) and the Shiffman-Jarvik Withdrawal Scale
(4.2±0.7) indicated that subjects were moderately depen-
dent on tobacco and had low levels of depression and anxi-
ety during the study. At the time of screening, subjects had
exhaled CO levels consistent with tobacco dependence
(mean±SD, 18.1±5.7 ppm), while at the time of scan-
ning, subjects had low exhaled CO levels (mean±SD,
1.9±1.0 ppm), consistent with their compliance with the
abstinence protocol of the study. For all subjects, venous
plasma nicotine levels were lower than the level of detec-
tion of the laboratory for this study (�1 ng/mL) prior to
the smoking break in scanning and were the highest in the
first sample after smoking, with a half-life of 145 minutes.

Time-activitycurves for thecontrol (no-smoking)scans
(Figure 1 and Figure 2A-C) demonstrate that the distribu-
tionofradioligandreachedanearequilibriumstate3.5hours
after initiation of 2-FA administration, with tissue concen-
trations maintained in a near steady state for the remainder
of the scanning sessions. The percentage change per hour
in theno-smokinggroupwascalculatedbydeterminingthe
difference in average radioactivity for each region of inter-
est between the period at which 2-FA reached an approxi-
matesteadystate(180-240minutesafter infusioninitiation)
and the final 70 minutes of scanning (395-480 minutes af-
ter infusion initiation, includinga15-minutebreak)anddi-
viding by the number of hours (3.8) between the midpoint
of these 2 periods. This calculation resulted in average in-

CT − C′T
CT

= R
[Ni]

[Ni] + EC50 (tissue)
(3)

EC50 (tissue) = K[Ni] (1 + [ACh]
K[ACh]

),(4)

CT − C′T
CT

=
R[D]

ED50 + [D]
(5)

and ,CT − C′T
CT

= R[Ni]
EC50 (plasma) + [Ni]

(6)

R =
VDSB

VDSB + VDNDR
(7)

BP∗ = R
1 − R

(8)
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creases inradioactivity for thethalamus,brainstem,andcer-
ebellum of 12%, 12%, and 10%, respectively (3.2%, 3.2%,
and 2.6% per hour, respectively). For the last 70 minutes
ofscanning(last85minutesof thescanningsession, includ-
ing a 15-minute break), an almost complete steady state
(indicating equilibrium between plasma and brain tissue)
was reached, with change in radioactivity in the thalamus,
brainstem, and cerebellum of only 0.0±1.0% (mean±SE),
1.0±1.0%(mean±SE),and1.0±1.0%(±mean±SE),respec-
tively (determined by linear regression).

For the scans with cigarette smoking, decreases in total
radioactivity for the 3 studied brain regions with the high-
est radioactivity accumulation (thalamus, brainstem, and
cerebellum) were clearly dose dependent (Figure 2 and
Figure 3). A single puff of a cigarette was the only amount
of smoking that was followed by recovery of receptor avail-
ability within the 3-hour 50-minute time frame after
smoking (Figure 2A-C), while the medium to high levels

of smoking (one quarter of a cigarette to satiety) resulted in
newsteady-stateconditionsat3hoursaftersmoking(Figure2
andFigure3).Smoking tosatiety resulted inaprofoundde-
creaseofradioactivityinallbrainregionsstudied(Figure2D).
Thedose-responsecurves fordisplacementof total andspe-
cifically bound radioactivities are shown in Figure 4A-C.

Themean±SEeffectivedoseofacigarette requiredtooc-
cupy 50% of receptors (ED50) for the 3 primary regions of
interestat3.1hoursaftersmokingwas0.19±0.05(Table1).
After correcting for the imperfect steady state found in the
control group that did not smoke (by multiplying the pre-
breakmeantotal radioactivities for thethalamus,brainstem,
and cerebellum by 1.12, 1.12, and 1.10, respectively), ED50

was calculated to be 0.13±0.03 (mean±SE) of a cigarette
(Table 1). The mean±SE venous plasma nicotine concen-
tration associated with 50% occupancy of receptors (EC50)
was determined from the dose response curve (Figure 4D)
to be 0.87±0.16 ng/mL (5.3±1.0 nM) (Table 1). Apparent
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Figure 2. Time-activity curves for the 5 smoking levels for the primary regions of interest. A, Thalamus. B, Brainstem. C, Cerebellum. Radioactivity is expressed as
percentage of baseline value (mean radioactivity for the hour before the smoking break±standard errors of the mean between subjects). 1 indicates 0 cigarettes;
2 indicates 1 puff; 3 indicates 3 puffs; 4 indicates 1 full cigarette; and 5 indicates satiety (2.8 cigarettes). Dotted lines indicate the time of the smoking break.
D, Displacement of radioactivity in the whole brain and regions of interest in a subject who smoked to satiety (2.5 cigarettes) during the break (mean±SE in
volume of interest).
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binding potential (BP*) values for the thalamus (Table 1)
weresimilartothoseinanotherpublishedreportusing2-FA.29

The mean receptor fractional occupancies at 3.1 hours
after smoking 1 puff, 3 puffs, 1 full cigarette, and to sa-
tiety were 33%, 75%, 88%, and 95%, respectively
(Figure 4) (Table 2). Earlier than 3.1 hours after smok-
ing, we would hypothesize that the fractional occu-
pancy of nAChRs would be even higher. For example,
assuming a t1/2 (half-life) of venous plasma nicotine of
2.5 hours,27 we would expect that smoking 1 cigarette
would result in venous plasma nicotine levels at 1 and
2.5 hours after smoking to be roughly 1.8 and 1.2 times
higher than the levels at 3.1 hours. These higher nico-
tine levels would lead to estimated receptor occupan-
cies at 1 and 2.5 hours of 93% and 90%, respectively.

Craving was only alleviated with higher smoking lev-
els (1 full cigarette or satiety). For the 5 smoking levels
(none, 1 puff, 3 puffs, 1 cigarette, and satiety), changes
in mean±SD Urge to Smoke Scale scores (0- to 6-point
scale) from before to after smoking were −0.8±0.7,
0.2±0.2, 0.1±0.4, −4.6±1.2, and −4.8±1.1, respec-
tively. Craving relief was temporary and elevated crav-
ing levels returned later during the scanning session. For
example, a mean±SD change of −2.3±1.6 in Urge to
Smoke Scale score was found from before to 2.5 hours
after smoking for the group that smoked 1 full cigarette.

COMMENT

The central findings of this study indicate that typical daily
smokers have nearly complete saturation of brain �4�2*
nAChRs throughout the day. The ED50 (0.13 cigarette) is
very small compared with smoking levels (1 to 2 cigarettes
per hour) found in tobacco-dependent smokers. The EC50

of venous plasma nicotine (0.87 ng/mL or 5.4 nM) found
herein is very low compared with venous plasma nicotine

levels (which range from 10-37, 10-50, and 19-50 ng/mL
fortrough,afternoon,andpeaklevels,respectively)27,56 found
in daily smokers. This EC50 estimate indicates that 96% to
98%of�4�2*nAChRsareoccupiedduringthedayintobacco-
dependent smokers. Additionally, the EC50 found herein
is in the range of concentrations causing desensitization of
50%of�4�2*nAChRs.Asdemonstratedrecently,57 100sec-
ondsofcoincubationofcellsexpressing�4�2*nAChRswith
10nMofnicotine (1.6ng/mL)resulted in70%receptorde-
sensitization. Thus, results of this study in the context of
other�4�2*nAChRresearchindicateanearlycompleteshift
from other potential nAChR states (such as resting and in-
termediate desensitized)58 to the high-affinity desensitiza-
tion state during the day in tobacco-dependent smokers.
Such prolonged desensitization may be responsible for the
up-regulation of these receptors found in smokers.59,60

In our study, craving was only reduced with near total
occupancy of nAChRs, with up to one quarter of a ciga-
rette doing little to alleviate craving, despite up to 75% re-
ceptor occupancy, whereas smoking 1 full cigarette or to
satiety resulted in significant craving reductions and at least
88% and 95% receptor occupancy, respectively. Simi-
larly, though roughly 50% of the presmoking craving level
returned in the 1 full cigarette group 2.5 hours after smok-
ing, the calculated receptor occupancy by nicotine for that
time was roughly 90% (as described earlier).

Continuedsmoking(intobacco-dependentsmokers)de-
spiteneartotal�4�2*nAChRoccupancy/desensitizationmay
be explained in several ways. First, smokers may continue
to smoke to avoid having free unbound receptors. In this
situation, free(nondesensitized)receptorswouldberespon-
sible for cigarette craving, and nicotine binding and desen-
sitization of these nAChRs may alleviate craving. This
action of nicotine may provide positive reinforcement and
craving alleviation through frequency-sensitive dopamine
release61,62 and/ordecreased�-aminobutyricacidtone.19 Sec-

0.0 Cigarette 0.1 Cigarette 0.3 Cigarette 1.0 Cigarette 3.0 Cigarettes Nondisplaceable

MRI

kBq/mL
9

0

Figure 3. 2-[18F]fluoro-3-(2(S)-azetidinylmethoxy) pyridine (2-F-A-85380) positron emission tomography (PET) images before (top row) and 3.1 hours after
(bottom row) cigarette smoking. Images were obtained by averaging the six 10-minute frames over the 1 hour prior to the smoking break and by averaging the
seven 10-minute scans from a mean of 3.1 hours after smoking the cigarette amount listed. The far right column shows a magnetic resonance image (MRI) of the
brain and a PET image of nondisplaceable radioactivity distribution (calculated). All PET images were aligned to the level shown on the MRI.
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ond, it is possible that positive reinforcement from smok-
ing isdue toactivationofother �4�2* nAChRsubtypes that
arenotdesensitizedbyhighconcentrationsofnicotineand
that are not labeled by 2-FA because of a smaller number
of receptors or low affinity. Therefore, we cannot exclude

thepossibility that activationofother �4�2* nAChRscould
be involved in tobacco dependence, and it may be impor-
tant to identify suchreceptors in futureresearch.Andthird,
factors other than nicotine binding to nAChRs may be at
least partly responsible for craving alleviation and positive
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Figure 4. Effects of variable smoking (number of cigarettes) and venous plasma nicotine levels on radiotracer displacement. A, Percentage of displacement of
total radioactivity (Ct) in regions of interest for the range of smoking levels from 0 to 2.8 cigarettes, based on the ratio of displaced Ct by each cigarette dose to
prebreak Ct, without correction for the imperfect steady state of the radiotracer found in control scans. B and C, Displacement of specific binding (SB) (a measure
that takes into account nondisplaceable radioactivity derived from the asymptotic portion of the saturation curve in part A) by the varying smoking levels without
and with correction for the imperfect steady state, respectively. D, Specific binding displacement as a function of venous plasma nicotine levels, corrected.

Table 1. Effective Dose of a Cigarette and Effective Concentration of Venous Plasma Nicotine Needed to Occupy 50%
of �4�2* nAChRs During Positron Emission Tomography Scanning for the 3 Primary Regions of Interesta

No Correction (Cigarette) With Correction (Cigarette) With Correction (Plasma Nicotine Level)

ED50, Cigarette R, % BP* ED50, Cigarette R, % BP* EC50, ng/mL R, % BP*

Thalamus 0.22 ± 0.11 61 ± 8 1.8 0.15 ± 0.05 67 ± 5 2.0 1.03 ± 0.26 71 ± 6 2.4
Brainstem 0.19 ± 0.07 64 ± 6 1.8 0.13 ± 0.03 67 ± 4 2.0 0.81 ± 0.27 70 ± 6 2.3
Cerebellum 0.16 ± 0.09 52 ± 7 1.1 0.11 ± 0.05 56 ± 5 1.3 0.73 ± 0.31 58 ± 6 1.4
Avg ± SD 0.19 ± 0.05 0.13 ± 0.03 0.87 ± 0.16

Abbreviations: 2-FA, 2-[18F]fluoro-3-(2(S)-azetidinylmethoxy) pyridine; Avg, weighted average for all 3 brain regions listed; BP*, binding potential, defined as the ratio
VDSB/VDNDR, where VDSB and VDNDR are the volumes of distribution for specific binding and nondisplaceable radioactivity, respectively, calculated as R/(1-R); EC50,
effective concentration of venous plasma nicotine needed for 50% displacement of bound 2-FA; ED50, effective dose of a cigarette needed for 50% displacement of
bound 2-FA; nAChR, nicotinic acetylcholine receptor; R, maximum fractional displacement of the total radioactivity.

aValues are expressed as mean ± SE unless otherwise indicated. Correction was based on an imperfect steady state of 2-FA observed after 3.5 hours for subjects
scanned in the control (no smoking) condition, as described in the “Results” section, paragraphs 2 and 4.
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reinforcement (which is supported by studies demonstrat-
ingthatdenicotinizedcigarettespartiallyalleviatecraving63).
In any case, because �4�2* nAChRs are the predominant
receptor subtype inhumansand2-FA labels almost theen-
tirepopulationof thesereceptors,64 theconclusionfromour
study still indicates that near complete desensitization of
nAChRs has an important role in the pathophysiology of
tobacco dependence.

This study should be interpreted in the context of sev-
eral limitations.First,cigarettesmokersvaryintheirrateand
depth of inhalation of cigarettes, and it is recognized that
theseinterindividualdifferencescouldhaveaffectedtheED50

calculation (though, as noted earlier, all subjects smoked
cigaretteswithsimilarnicotinecontentsandthetotalamount
smokedwasmeasured).Second,test-retestdataonthebolus-
plus-infusion method used have not yet been published,
although there was relatively little variability within study
subgroups (based on smoking dosage) compared with the
robust effects of cigarette smoking and the ED50 and EC50

determined herein remained relatively stable from region
to region. Third, repeated breaks in scanning (which were
necessary for subject comfort) may have led to slight shifts
in overall radioactivity determinations due to small differ-
ences in position from before to after each scanning break,
though (as noted earlier) a head holder and laser light po-
sitioningwereused toattempt toaccurately repositionsub-
jects. And fourth, venous rather than arterial nicotine lev-
els were used for study calculations, and arterial levels are
reported to be higher than venous at the time of smoking.65

However,studycalculationswereperformedonvenousnico-
tine levels 3.1 hours after smoking, a time at which venous
and arterial levels would be expected to be similar,65 so that
our results should provide a reasonable approximation of
EC50 for arterial, as well as venous, nicotine levels.

Finally, the association between cigarette smoking and
high receptor occupancy found herein has implications for
the study of indirect cigarette/nicotine exposures. Studies
of fetal exposure to maternal smoking,66 neonate expo-
sure to breast milk of mothers who smoke,67 and pro-
longed environmental tobacco smoke exposure68,69 all show
evidence of venous plasma nicotine levels higher than
1 ng/mL in those who are indirectly exposed, with fetal lev-
els being even higher than maternal levels. Our study in-
dicates that even low levels of exposure result in substan-
tial occupancyofbrain �4�2* nAChRs, suggesting significant
occupancy and desensitization of �4�2* nAChRs in sub-

jects indirectly exposed to nicotine and pointing to the need
for further research to address this issue.
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