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Abstract
One-third of smokers primarily use menthol cigarettes and usage of these cigarettes leads to elevated serum
nicotine levels and more diﬃculty quitting in standard treatment programmes. Previous brain imaging studies
demonstrate that smoking (without regard to cigarette type) leads to up-regulation of b2*-containing nicotinic
acetylcholine receptors (nAChRs). We sought to determine if menthol cigarette usage results in greater nAChR
up-regulation than non-menthol cigarette usage. Altogether, 114 participants (22 menthol cigarette smokers, 41
non-menthol cigarette smokers and 51 non-smokers) underwent positron emission tomography scanning using
the a4b2* nAChR radioligand 2-[18F]ﬂuoro-A-85380 (2-FA). In comparing menthol to non-menthol cigarette
smokers, an overall test of 2-FA total volume of distribution values revealed a signiﬁcant between-group
diﬀerence, resulting from menthol smokers having 9–28 % higher a4b2* nAChR densities than non-menthol
smokers across regions. In comparing the entire group of smokers to non-smokers, an overall test revealed a
signiﬁcant between-group diﬀerence, resulting from smokers having higher a4b2* nAChR levels in all regions
studied (36–42 %) other than thalamus (3 %). Study results demonstrate that menthol smokers have greater
up-regulation of nAChRs than non-menthol smokers. This diﬀerence is presumably related to higher nicotine
exposure in menthol smokers, although other mechanisms for menthol inﬂuencing receptor density are possible.
These results provide additional information about the severity of menthol cigarette use and may help explain
why these smokers have more trouble quitting in standard treatment programmes.
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First published online 21 November 2012
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Introduction
Tobacco dependence is a leading preventable cause of
morbidity and mortality in the United States (CDC, 2009).
Despite substantial improvements in tobacco control, the
prevalence of cigarette smoking remains high, at 21 %
in the general population [(Brown, 2009) ; y46 million
adults (CDC, 2009)].
Cigarette smoking leads to up-regulation of nicotinic
acetylcholine receptors (nAChRs) in the human brain,
including the a4b2* nAChR, which is the most common
receptor subtype (Whiting & Lindstrom, 1988). Human
post-mortem tissue studies show that chronic smokers
have increased numbers of a4b2* nAChRs compared to
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non-smokers (Benwell et al. 1988 ; Breese et al. 1997) and
that former smokers have nAChR densities similar to
non-smokers (Breese et al. 1997). Many laboratory animal
studies also demonstrate up-regulation of nAChRs in response to chronic nicotine administration (e.g. Marks et al.
2011 ; Zhang et al. 2002).
Brain imaging studies of human smokers using positron emission tomography (PET) and single photon
emission computed tomography (Cosgrove et al. 2009 ;
Mamede et al. 2007 ; Mukhin et al. 2008 ; Staley et al. 2006 ;
Wullner et al. 2008 ; sample sizes of ﬁve to 16 smokers)
demonstrate up-regulation of available nAChRs across
a range of brain regions (e.g. cortex, brainstem and cerebellum) other than thalamus (Mamede et al. 2007 ;
Mukhin et al. 2008 ; Staley et al. 2006 ; Wullner et al. 2008).
This nAChR up-regulation normalizes to levels of
non-smokers following roughly 3 (Mamede et al. 2007 ;
Mukhin et al. 2008) to 12 (Cosgrove et al. 2009) wk
abstinence. In one of these studies (Staley et al. 2006),
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b2-containing nAChR levels did not correlate with the
severity of nicotine dependence, severity of withdrawal
or the desire to smoke, indicating perhaps that these
symptoms are not mediated by up-regulation of these
nAChRs.
Menthol ﬂavouring of cigarettes has been shown
to aﬀect a smoker’s exposure to nicotine (Benowitz
et al. 2004 ; Williams et al. 2007). Approximately 33 %
of smokers predominantly use menthol cigarettes
(Substance Abuse and Mental Health Services
Administration, 2009) and a central issue with these
cigarettes is that smokers who use them have lower
cessation rates in standardized treatment programmes
than smokers who use non-menthol cigarettes (Gandhi
et al. 2009 ; Okuyemi et al. 2007 ; Pletcher et al. 2006).
Although many factors have been implicated in the initiation and continued usage of menthol cigarettes
(Castro, 2004), studies of biological markers demonstrate
that menthol itself inhibits nicotine metabolism
(Benowitz et al. 2004) and that menthol cigarette smoking
leads to elevated serum nicotine and cotinine levels and
greater exhaled carbon monoxide (CO) levels (Williams
et al. 2007). These elevated levels would be expected to
lead to increased nAChR densities. As an aside, it is noted
that two studies found similarities between menthol and
non-menthol cigarette usage in cessation rates and biomarkers for smoking (Heck, 2009 ; Werley et al. 2007).
Recently, our group used PET and the radiotracer
2-[18F]ﬂuoro-3-(2(S)azetidinylmethoxy pyridine (2-FA) to
examine brain a4b2* nAChR availability in response to
cigarette smoking (Brody et al. 2006, 2009) and secondhand smoke (SHS) exposure (Brody et al. 2011). These
studies demonstrate that nAChR occupancy by nicotine
is dose-dependent and that the presence of even small
amounts of nicotine (from smoking a puﬀ of a cigarette
or SHS exposure) leads to substantial a4b2* nAChR
occupancy.
In the present examination of a relatively large sample
of smokers and non-smokers, we sought to : (1) conﬁrm
up-regulation of a4b2* nAChR density in smokers in brain
regions other than the thalamus ; (2) determine if cigarette
type (menthol vs. non-menthol) aﬀects the severity of
nAChR up-regulation ; (3) explore whether other factors,
such as demographic variables, other smoking-related
factors, drug/alcohol use or withdrawal/mood symptoms are associated with nAChR density.

Method
Participants and screening methods
Altogether, 114 otherwise healthy adults (22 menthol
cigarette smokers, 41 non-menthol cigarette smokers and
51 non-smokers) completed the study and had usable
data. Participants were recruited and screened using the
same methodology as in our prior report (Brody et al.
2011). For smokers, the central inclusion criteria were

current nicotine dependence and smoking levels of 10–40
cigarettes/d, while for non-smokers the central inclusion
criterion was no cigarette usage within the past year.
Exclusion criteria for all participants were pregnancy, use
of a medication or history of a medical condition that
might aﬀect the central nervous system at the time of
scanning or any history of mental illness or substance
abuse/dependence. There was no overlap between the
participant group studied here and the groups included
in our prior reports (Brody et al. 2006, 2009, 2011).
During the initial visit, screening data were obtained
to verify participant reports and characterize smoking
history. Rating scales obtained were the Smoker’s
Proﬁle Form (containing demographic variables and a
detailed smoking history; see Supplementary material),
Fagerström Test for Nicotine Dependence (FTND ;
Fagerstrom, 1978 ; Heatherton et al. 1991), Hamilton
Depression Rating Scale (HAMD ; Hamilton, 1967) and
Hamilton Anxiety Rating Scale (HAMA ; Hamilton,
1969). An exhaled CO level was determined using a
MicroSmokerlyzer (Bedfont Scientiﬁc Ltd, UK) to verify
smoking status [CO o8 parts per million (ppm) for
active smokers and CO f4 ppm for non-smokers].
A breathalyser (AlcoMatePro ; AK GlobalTech Corporation, USA) test, urine toxicology screen (Test Country
I-Cup Urine Toxicology Kit ; TestCountry, USA) and
urine pregnancy test (for female participants of
childbearing potential ; Test Country Cassette Urine
Pregnancy Test) were obtained at the screening visit to
support the participant’s report of no current alcohol
or drug dependence and no pregnancy. This study was
approved by the local institutional review board and
participants provided written informed consent.
Abstinence period and PET protocol
Roughly 1 wk after the initial screening session, participants underwent PET scanning, following the same general procedure as in our prior reports (Brody et al. 2006,
2009, 2011). Participants from the smoker group began
smoking/nicotine abstinence two nights prior to each
PET session and were monitored as described previously
(Brody et al. 2009, 2011), so that nicotine from smoking
would not compete with the radiotracer for receptor
binding during PET scanning.
At 11:00 hours on the scanning day, participants
arrived at the VA Greater Los Angeles Healthcare
System and abstinence was veriﬁed by participant report
and having an exhaled CO f4 ppm. Each participant
had an i.v. line placed at 11:45 hours in a room adjacent
to the PET scanner. At 12:00 hours, bolus plus continuous infusion of 2-FA was initiated, with 147 MBq
(3.98¡0.06 mCi) 2-FA administered as an i.v. bolus
in 5 ml saline over 10 ss. This same amount of 2-FA
(147 MBq) was also diluted in 60 ml saline and
51.1 ml was infused over the next 420 min (7.3 ml/h)
by a computer-controlled pump (Harvard model 22 ;
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Harvard Instruments, USA). Thus, the amount of 2-FA
administered as a bolus was equal to the amount
that would be infused over 500 min (Kbolus=500 min ;
Kimes et al. 2008). This Kbolus was eﬀective for reaching an
approximate steady state in recent studies by our group
and collaborators (Brody et al. 2009, 2011 ; Kimes et al.
2008). After initiation of the bolus plus continuous infusion, participants remained seated in the room adjacent
to the PET scanner for the next 4 h to allow the radiotracer to reach a relatively steady state in brain. At 16:00
hours, PET scanning commenced and continued for 3 h,
with a 10-min break after 90 min scanning. Scans were
acquired as series of 10-min frames.
PET scans were obtained using the Philips Gemini
TruFlight (Koninklijke Philips Electronics N. V., The
Netherlands), a fully 3-dimensional PET-CT scanner,
which was operated in non-TOF mode. Reconstruction
was done using Fourier rebinning and ﬁltered back
projection and scatter and random corrections were applied. The mean spatial resolution (FWHM) for brain
scanning is 5.0 mm (transverse)r4.8 mm (axial). 2-FA
was prepared using a published method (Dolle et al.
1998). A magnetic resonance imaging (MRI) scan of the
brain was obtained for each participant within 1 wk of
PET scanning with the same speciﬁcations as in our prior
report (Brody et al. 2011).
Blood samples (5 ml) were drawn during PET scanning for determinations of free, unmetabolized 2-FA
and nicotine levels in plasma. For 2-FA levels, four
samples were drawn as standards prior to 2-FA administration and nine samples were drawn at predetermined
intervals during PET scanning. 2-FA levels were determined using previously published methods (Shumway
et al. 2007 ; Sorger et al. 2007). For nicotine levels,
blood samples were drawn prior to and following PET
scanning. These samples were centrifuged and venous
plasma nicotine concentrations were determined in
Dr Peyton Jacob’s laboratory at UCSF, using a modiﬁed
version of a published GC-MS method (Jacob et al.
1991). The lower limit of quantiﬁcation for this method
was 0.2 ng/ml. In addition to the participants described
in this paper, 19 smokers completed study procedures,
but were excluded from the data analysis because
their plasma nicotine levels were unacceptably high
(>0.4 ng/ml ; determined after study participation). This
issue of smokers using nicotine/tobacco during the abstinence period of a brain imaging study has also been
reported in prior studies (Esterlis et al. 2010a ; Staley et al.
2006), presumably related to diﬃculty in having tobaccodependent smokers remain abstinent for a prolonged
period.
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Mood States (POMS ; McNair et al. 1988) and Shiﬀman–
Jarvik Withdrawal Scale (SJWS ; Shiﬀman & Jarvik, 1976)
were administered once. At four time-points during the
PET scanning day, the urge to smoke (UTS) craving scale
(an analogue scale with 10 craving-related questions) was
administered (see Supplementary material).
PET image analysis
After decay and motion correction, each subject’s
PET scans were co-registered to their MRI using PMOD
version 2.9 (http://www.pmod.com/technologies/
index.html). Regions of interest (ROIs) were drawn on
MRI using PMOD and transferred to the co-registered
PET scans. ROIs were the thalamus, prefrontal cortex,
brainstem, cerebellum and corpus callosum, which were
chosen based on prior reports indicating a range of receptor binding of 2-FA in these regions (Brody et al. 2006 ;
Kimes et al. 2008 ; Mukhin et al. 2008). The thalamus,
brainstem and cerebellum were drawn as whole structures, while representative slices of the prefrontal cortex
and genu of the corpus callosum were drawn. ROI
placement was visually inspected for each PET frame in
order to minimize eﬀects of co-registration errors and
movement ; this procedure was repeated if there was a
noticeable problem.
Total volume of distribution (designated as VT/fP,
based on standard nomenclature ; Innis et al. 2007)
was calculated for each region and used for the central
study analyses. VT/fP values were determined from
the 17r10-min PET frames, as the ratio CT/(CP.fP), where
CT is the total concentration of 2-FA in the ROIs, (CP.fP) is
the concentration of free 2-FA in plasma and fP is the
fraction of free (unbound) 2-FA in plasma. The fraction of
free (not protein bound), unmetabolized 2-FA was similar
for the smoker and non-smoker groups (47¡7 and
47¡9 %, respectively) and for the menthol and nonmenthol smoker subgroups (49¡7 and 45¡6 %, respectively).
For quantifying percent group diﬀerences in nAChR
density, speciﬁc binding volume of distribution (VS/fP),
(which is proportional to unbound nAChR density) was
determined for each participant as the diﬀerence between
VT/fP and the non-displaceable volume of distribution
corrected for the free fraction of plasma 2-FA (VND/fP),
such that :
VS =fp =VT =fP xVND =fP
Values for VND/fP were based on data from previously
published ﬁndings by our group (Brody et al. 2006, 2011),
with the assumption that these values did not diﬀer
between study groups.

Symptom rating scale administration
In addition to baseline rating scales cited above, symptom rating scales were obtained during the PET scanning
procedure. During the 2-FA uptake period, the Proﬁle of

Statistical analysis
For evaluating diﬀerences in a4b2* nAChR density between smokers and non-smokers, an overall multivariate
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Table 1. Demographics and rating scale scores for the smoker and non-smoker groups

Variable

Non-smokers
(n=51)

Whole smoker
group (n=63)

Menthol smoker
subgroup (n=22)

Non-menthol
smoker subgroup
(n=41)

Age
Gender ( % female)
Ethnicity ( % Caucasian)
Height (inches)
Weight (lbs)
Education (highest completed grade)
Mother’s education (highest completed grade)
Cigarettes/d
Fagerström Test for Nicotine Dependence
Hamilton Anxiety Rating Scale
Hamilton Depression Rating Scale
Beck Depression Inventory
Caﬀeine use (coﬀee cup equivalents/d)
Alcohol drinks/wk
Marijuana cigarettes/wk

37.0 (¡12.0)
47.1
56.9
68.3 (¡4.0)
168.0 (¡35.0)
15.5 (¡1.9)**
14.2 (¡2.9)
0 (¡0)
0 (¡0)
2.0 (¡2.3)
1.6 (¡2.0)
1.0 (¡3.0)
1.0 (¡1.2)
2.0 (¡2.3)
0.03 (¡0.1)

38.8 (¡13.7)
33.3
47.6
68.7 (¡3.5)
174.5 (¡37.2)
14.2 (¡2.1)
14.1 (¡2.6)
18.9 (¡4.6)
4.0 (¡2.3)
2.3 (¡2.5)
2.0 (¡2.3)
1.6 (¡2.0)
1.6 (¡1.5)
4.0 (¡4.8)
0.3 (¡1.1)

43.1 (¡12.9)
31.8
22.7*
69.1 (¡3.2)
180.7 (¡29.0)
14.4 (¡2.3)
14.0 (¡2.6)
19.9 (¡5.8)
4.1 (¡2.1)
2.0 (¡3.0)
1.7 (¡2.7)
1.4 (¡1.8)
1.4 (¡1.7)
3.8 (¡5.7)
0.3 (¡0.9)

36.4 (¡14.2)
34.1
61.0
68.5 (¡3.7)
171.1 (¡40.9)
14.1 (¡2.0)
14.2 (¡2.6)
18.4 (¡3.7)
3.9 (¡2.4)
2.4 (¡2.3)
2.2 (¡2.0)
1.8 (¡2.1)
1.7 (¡1.5)
4.1 (¡4.3)
0.3 (¡1.5)

* p<0.05 between the menthol and non-menthol smoker subgroups, x2 test.
** p<0.005 between the whole non-smoker and smoker groups, Student’s t test ; other than the diﬀerence in ethnicity between menthol
and non-menthol smoker subgroups and the diﬀerence in education level between non-smokers and smokers, all other statistical tests
for between-group diﬀerences were non-signiﬁcant. In this analysis, no statistical corrections were made for multiple comparisons.
All values are presented as means (¡S.D.) or percentages.

analysis of covariance (MANCOVA) was performed
using VT/fP values for the ﬁve ROIs as dependent
measures and group (smoker vs. non-smoker) as a
between-subject factor. MANCOVA controls for type 1
error for a multivariate dependent variable, here VT/fP
values for the ﬁve ROIs. Follow-up analyses of covariance
(ANCOVAs) were performed for each of the ﬁve brain
regions with the same variables as for the MANCOVA.
Percent group diﬀerences between smokers and nonsmokers were then determined using VS/fP values. For
comparing menthol vs. non-menthol smokers, the same
analytic structure was used, but only data from smokers
were included and menthol cigarette status was used as
the between-subject factor. In all of these models, years
of education and race/ethnicity (Caucasian vs. nonCaucasian) were included as nuisance covariates since
the former diﬀered between smokers and non-smokers
and the latter diﬀered between menthol and non-menthol
smokers as described below. Including both covariates in
all models provided the most conservative and comparable results across analyses.
To explore the impact of demographic, smokingrelated, drug/alcohol use, and withdrawal/mood
symptom measures on a4b2* nAChR density, separate
MANCOVAs were performed with each of these
variables as a covariate of interest or factor and VT/fP
values for the ROIs as the dependent measures.
For analyses that included smokers and non-smokers,
smoking status (smoker vs. non-smoker) was included
as a ﬁxed factor. Signiﬁcant MANCOVAs were followed
up with ANCOVAs for the ﬁve ROIs separately. For

these exploratory analyses, the following variables were
tested : age ; gender ; race/ethnicity (Caucasian vs. nonCaucasian) ; marital status (single vs. married) ; height ;
weight ; educational level (yr) ; mother’s educational
level, cigarettes/d ; number of years smoking ; number of
quit attempts ; longest lifetime period of abstinence ;
FTND scores ; light vs. regular nicotine cigarette usage ;
caﬀeine intake (coﬀee cup equivalents per day) ; alcohol
drinks/d ; marijuana use status (o1 use per wk) ; withdrawal/craving ratings (SJWS and UTS scales) ; anxiety/
depression ratings [HAMA, HAMD and Beck Depression
Inventory(BDI)] ; subscales of the POMS. For these exploratory tests, no statistical corrections were made for
multiple comparisons. Statistical tests were performed
using PASW/SPSS Statistics version 19.0 (SPSS, Inc.,
USA).
Results
Demographics and rating scales
The smoker and non-smoker groups were middle-aged,
with a slight majority of male participants and roughly
equal numbers of Caucasian and non-Caucasian participants (Table 1). The groups did not diﬀer on any demographic or rating scale measures, other than a small but
signiﬁcant diﬀerence in highest educational level obtained. Menthol (n=22) and non-menthol (n=41) cigarette smokers did not diﬀer on any demographic or rating
scale measure, other than race/ethnicity, where there
were more non-Caucasians in the menthol smoker group
(77.3 vs. 39.0 %, respectively, x2 test, p<0.05).
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Fig. 1. Both non-menthol and menthol cigarette smokers have
higher a4b2* nicotinic acetylcholine receptor (nAChR) densities
than non-smokers in the brainstem, cerebellum, prefrontal
cortex and corpus callosum. Levels of nAChRs for the
non-menthol and menthol smoker groups are compared to the
non-smoker group (100 %) and to one another. For comparisons
with the non-smoker group, * p<0.05, ** p<0.005 and
*** p<0.0005 (uncorrected). For comparisons between the
non-menthol and menthol smoker groups, ## p<0.01
(uncorrected). Statistics are generally the same for speciﬁc
binding volume of distribution (Vs/fp) values in this ﬁgure as for
the Vt/fp values in Table 2, because the same non-displaceable
volume of distribution (VND) values are subtracted from each
participant’s Vt/fp values to obtain Vs/fp values.

Comparison of a4b2* nAChR density between smokers
and non-smokers
The overall test of VT/fP values revealed a signiﬁcant
diﬀerence
between
smokers
and
non-smokers
(MANCOVA ; F=22.8 ; d.f.=5,106 ; p<0.0005 ; Figs. 1
and 2). Follow-up tests for individual brain regions
revealed signiﬁcant between-group diﬀerences for the
prefrontal cortex, brainstem, cerebellum and corpus
callosum (ANCOVAs, F values=16.1, 25.9, 24.1 and 11.7 ;
all d.f.=1, 113 ; all p values <0.0005, except corpus
callosum, where p=0.001 ; Table 2). VT/fP values for the
thalamus were not signiﬁcantly diﬀerent between groups
(ANCOVA, p=0.6). For regions found signiﬁcant in this
analysis (prefrontal cortex, brainstem, cerebellum and
corpus callosum), a4b2* nAChR levels were higher in
smokers than non-smokers by 36, 37, 42 and 40 %, respectively. For the thalamus, a4b2* nAChR levels were
3 % higher in smokers than non-smokers.
To conﬁrm that prior smoking history did not aﬀect
study results, the non-smoker group was divided into
never (<20 cigarettes lifetime ; n=30) and former (>1 yr
abstinent ; n=21) smokers. Regional VT/fP values were
compared between the subgroups. No signiﬁcant diﬀerences were found for any regions (range of p values x0.4
to 0.7).
Comparison of a4b2* nAChR density between menthol
and non-menthol cigarette smokers
The overall test of VT/fP values revealed a signiﬁcant
diﬀerence
between
menthol
and
non-menthol

Vs/fp
12

Non-menthol smokers

0

Menthol smokers

T1 MRI
Fig. 2. Menthol cigarette smokers have greater a4b2* nicotinic
acetylcholine receptor (nAChR) up-regulation than non-menthol
smokers. Averages of spatially normalized parametric images
[speciﬁc binding volume of distribution (VS/fP)] obtained in the
study from 51 non-smokers, 41 non-menthol cigarette smokers
and 22 menthol cigarette smokers are shown. From left to right
are transaxial, sagittal and coronal brain slices. The bottom row
shows the mean T1-weighted magnetic resonance image (MRI)
of study participants.

smokers (MANCOVA ; F=2.7 ; d.f.=5, 55 ; p<0.05).
Follow-up tests revealed between-group diﬀerences
for the brainstem, cerebellum and corpus callosum
(ANCOVAs, F values=8.1, 8.3 and 8.9 ; all d.f.=1, 62 ;
p values=0.006, 0.006 and 0.004, respectively ; Table 2).
VT/fP values for the thalamus and prefrontal cortex
did not reach signiﬁcance (ANCOVAs ; F values=3.5
and 3.8 ; d.f.=1, 62 ; p values=0.07 and 0.06, respectively).
For regions found signiﬁcant in this analysis (brainstem,
cerebellum and corpus callosum), a4b2* nAChR
levels were higher in menthol than non-menthol
cigarette smokers by 21, 25 and 28 %, respectively.
For regions not found signiﬁcant in this analysis (thalamus and prefrontal cortex), a4b2* nAChR levels were
9 and 19 % higher, respectively, in menthol cigarette
smokers.
For completeness, we performed MANCOVAs
comparing menthol smokers to non-smokers and nonmenthol smokers to non-smokers. We found that
both smoker subgroups had signiﬁcant up-regulation
of nAChRs compared to non-smokers (MANCOVAs,
F=24.8 ; d.f.=5, 65 ; p<0.0005 for the menthol smoker
subgroup and F=18.6 ; d.f.=5, 84 ; p<0.0005 for the nonmenthol smoker subgroup).
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Table 2. Total binding volumes of distribution (VT/fP) in the brain regions of interest for non-smokers and smokers (and the nonmenthol smoker and menthol smoker subgroups)

Brain region

VT/fP values –
non-smokers
(n=51)

VT/fP values –
smokers
(n=63)

VT/fP values –
non-menthol
smoker subgroup
(n=41)

VT/fP values –
menthol smoker
subgroup (n=22)

Thalamus
Prefrontal cortex
Brainstem
Cerebellum
Corpus callosum

16.0 (¡3.6)
7.1 (¡1.4)
9.6 (¡2.1)
8.2 (¡1.8)
6.0 (¡1.6)

16.3 (¡3.1)
8.1 (¡1.4)***
11.6 (¡2.2)***
9.9 (¡1.8)***
7.0 (¡1.4)***

15.7 (¡2.8)
7.9 (¡1.2)**
11.1 (¡1.7)***
9.4 (¡1.5)**
6.6 (¡1.2)*

17.3 (¡3.4)
8.6 (¡1.6)***
12.7 (¡2.6)***
10.8 (¡2.1)***
7.6 (¡1.6)***

*pf0.05, **pf0.005, ***pf0.0005, compared to non-smokers (uncorrected).
All values are mean¡S.D.

Exploratory analysis : a4b2* nAChR density and
demographic measures

similar biomarker exposure for light and regular nicotine
cigarette smokers (Bernert et al. 2005).

For the exploration of relationships between a4b2*
nAChR density and demographic variables, the
MANCOVA for age was signiﬁcant (F=7.4, p<0.0005)
with greater age being associated with lower nAChR
density, independent of smoking status. For the nonsmoker group, there were signiﬁcant negative correlations between age and nAChR density for the brainstem
(Spearman’s r=x0.39, p=0.005) and corpus callosum
(Spearman’s r=x0.32, p=0.02), with trend level
negative correlations for the cerebellum (Spearman’s
r=x0.25, p=0.07) and prefrontal cortex (Spearman’s
r=x0.27, p=0.06) but not thalamus (Spearman’s
r=x0.19, p=0.18). Across regions found signiﬁcant in
the preceding analysis, the change in nAChR density
averaged x3.4 % per decade. These ﬁndings are consistent with prior research indicating that a4b2* nAChR
density decreases with age (Mitsis et al. 2009).
MANCOVAs for gender, race/ethnicity, marital status,
height, weight, education completed and mother’s
education completed were non-signiﬁcant (p values=
0.2–0.9).

Caﬀeine use (coﬀee cup equivalents per day) had a
signiﬁcant relationship with a4b2* nAChR density
(MANCOVA ; F=2.8 ; d.f.=5, 107 ; p<0.05), with
values for the thalamus and brainstem reaching signiﬁcance (ANCOVAs ; F values=8.8 and 5.3 ; p values=0.004
and 0.02, respectively), indicating that greater caﬀeine
intake was associated with lower a4b2* nAChR density.
Values for other regions did not reach signiﬁcance
(p values=0.06–0.13). For marijuana, participants who
reported current use (o1 use per wk ; n=14) had signiﬁcantly higher a4b2* nAChR densities than participants
who did not use marijuana, after controlling for smoking
status (MANCOVA ; F=2.6 ; d.f.=5, 107 ; p<0.05). a4b2*
nAChR density was numerically higher for the marijuana
users in all regions studied and reached signiﬁcance in
the corpus callosum (ANCOVA ; F=4.7 ; d.f.=1, 113 ;
p<0.05). For alcohol use, the MANCOVA was not signiﬁcant (p=0.6).

Exploratory analysis : a4b2* nAChR density and
smoking-related measures

Exploratory analysis : a4b2* nAChR density and
withdrawal/mood symptom factors

The overall MANCOVA for cigarettes/d did not reach
signiﬁcance (F=2.0 ; d.f.=5, 57 ; p=0.10), but individual
ANCOVAs for the brainstem (F=4.2 ; d.f.=1, 62 ; p<0.05)
and corpus callosum (F=6.1 ; d.f.=1, 62 ; p<0.05) were
suggestive that a greater number of cigarettes/d was associated with greater up-regulation of nAChRs. There
were no signiﬁcant ﬁndings for number of years smoking, number of quit attempts, longest lifetime period of
abstinence, FTND scores or light (vs. regular) nicotine
cigarettes (MANCOVAs, F values=0.3–1.7 ; d.f.=5, 57 ;
p values=0.1–0.9). The last ﬁnding with light nicotine
cigarettes is consistent with prior research demonstrating

In the smoker group, no signiﬁcant associations
were found between withdrawal symptoms and a4b2*
nAChR density for the overall SJWS score (or its
subscales) (MANCOVAs ; F ’s=0.6–2.0 ; d.f.=5, 57 ;
p ’s=0.1–0.7) or UTS score (MANCOVA ; F=1.2 ; d.f.=5,
57 ; p=0.3). For mood/anxiety symptoms in the
whole study sample, no associations were found
between a4b2* nAChR density and HAMA, HAMD or
BDI scores (MANCOVAs ; F’s=0.5–1.3 ; d.f.=5, 107 ;
p ’s=0.3–0.8). For normal mood states in the whole
study sample, there were no signiﬁcant associations
between a4b2* nAChR density and POMS subscale

Exploratory analysis : a4b2* nAChR density and
drug/alcohol use

Nicotinic receptors and menthol cigarette smoking
scores (MANCOVAs ;
p’s=0.3–1.0).

F’s=0.2–1.2 ;

d.f.=5,

107 ;

Discussion
The study results demonstrate that : (1) a4b2* nAChRs are
up-regulated in cigarette smokers (compared to nonsmokers) in all regions studied other than thalamus ;
(2) a4b2* nAChR up-regulation is greater in menthol
than non-menthol cigarette smokers. Other signiﬁcant
ﬁndings included an association between increasing age
and decreasing a4b2* nAChR density, a suggestion of
an association between number of cigarettes smoked
per day and greater nAChR up-regulation in two brain
regions and associations between caﬀeine use and marijuana use with decreased and increased a4b2* nAChR
density, respectively. Based on the highly signiﬁcant
p values for the smoker vs. non-smoker comparisons and
reports that menthol cigarette smokers have higher levels
of nicotine exposure than non-menthol cigarette smokers,
the study ﬁndings indicate that nicotine exposure is a
potent determinant of a4b2* nAChR density.
For diﬀerences between smokers and non-smokers,
this study supports much prior basic and clinical research
demonstrating up-regulation of a4b2* nAChRs in brain
regions other than the thalamus following nicotine
(Marks et al. 2011 ; Yates et al. 1995 ; Zhang et al. 2002) or
cigarette smoke (Mamede et al. 2007 ; Mukhin et al. 2008 ;
Staley et al. 2006 ; Wullner et al. 2008) exposure. The
mechanism of nAChR up-regulation has been examined
(for comprehensive reviews of this topic, see Govind et al.
2009 ; Lester et al. 2009 ; Quick & Lester, 2002), with this
research demonstrating that nAChR up-regulation is post
transcriptional (Bencherif et al. 1995 ; Marks et al. 1992)
and that nicotine acts as a stabilizing pharmacological
chaperone for nascent a4b2* nAChRs in the endoplasmic
reticulum (Srinivasan et al. 2011). The pattern of a4b2*
nAChR up-regulation in smokers found in this and prior
studies (robust in all regions other than thalamus) may be
due to a ceiling eﬀect, given the normally high density of
nAChRs in this region.
For the ﬁnding of more pronounced up-regulation
of nAChRs in menthol (compared to non-menthol)
cigarette smokers, this result is consistent with prior
research demonstrating that menthol smokers have relatively high levels of nicotine exposure (Benowitz et al.
2004 ; Williams et al. 2007), although other potential
mechanisms are also possible. For example, menthol
cigarette smoke exposure has been shown to increase the
ratio of cotinine :nicotine (Abobo et al. 2012) and cotinine
has been shown to interact with a4b2 *nAChRs to result
in dopamine release (O’Leary et al. 2008). Therefore, it
is possible that menthol cigarette smoking leads to increased exposure to cotinine, which could lead to greater
up-regulation of nAChRs. Additionally, recent work
suggests that menthol may alter nAChR functioning
directly (Hans et al. 2012).
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The demonstration of greater nAChR up-regulation in
menthol cigarette smokers may help explain why these
smokers have more diﬃculty than non-menthol cigarette
smokers in quitting smoking (Gandhi et al. 2009 ;
Okuyemi et al. 2007 ; Pletcher et al. 2006). Marketing of
menthol cigarettes is at least partly aimed at younger
smokers (Kaufman et al. 2004) because the menthol
ﬂavouring may make these cigarettes more palatable
than non-menthol cigarettes (McClernon et al. 2007) and
tobacco smoke may be milder for inexperienced smokers
(Kreslake et al. 2008). Tobacco industry documents also
demonstrate that menthol cigarettes have been speciﬁcally marketed to urban smokers in minority racial/ethnic groups (Gardiner, 2004 ; Sutton & Robinson, 2004),
which is consistent with our study sample composition.
Studies of African-American smokers (Allen & Unger,
2007 ; Castro, 2004) indicate that a combination of
physiological, psychological and societal factors results in
elevated levels of menthol cigarette usage. Because of
these issues, several research groups have called for a
better understanding of the physiological mechanism of
menthol cigarette usage (e.g. Hyland et al. 2002). The
present study presents (to our knowledge) the ﬁrst evidence of greater a4b2* nAChR up-regulation in menthol
cigarette smokers, which has implications for the underlying neurobiology of menthol cigarette usage.
The suggestion of an association between number of
cigarettes/d and a4b2* nAChR density in brainstem and
corpus callosum (and non-signiﬁcant trends in the other
regions) is consistent with higher levels of nicotine exposure being associated with greater a4b2* nAChR upregulation. For the present study, all regions may not
have reached signiﬁcance due to the narrow range of
smoking levels in the sample, which was selected to obtain a relatively homogeneous population of smokers.
Findings in the exploratory analyses that caﬀeine and
marijuana use were associated with decreased and increased a4b2* nAChR density, respectively, were unexpected. However, because smoking status was controlled
for, these analyses suggest that caﬀeine and marijuana
have eﬀects on a4b2* nAChR density that are independent
of nicotine exposure. While these results could be due to
type I error, it is also possible that these other substances
aﬀect nAChR density through their pharmacological effects, although more work is needed to conﬁrm and explain these eﬀects. The absences of ﬁndings with alcohol
use or smoking-related symptoms are consistent with
prior research (Esterlis et al. 2010b ; Staley et al. 2006),
which also did not have signiﬁcant ﬁndings with these
variables.
A central limitation of the study was that nicotine/
cotinine levels were not available from smokers during
their habitual smoking, so it was not possible to conﬁrm
that menthol cigarette smokers indeed had greater nicotine exposure than non-menthol smokers, as was demonstrated in past research (Benowitz et al. 2004 ; Williams
et al. 2007). Another limitation was the diﬃculty in
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having smokers maintain abstinence for a prolonged
period (over two nights) prior to PET scanning, despite
compensation for such abstinence. While participants
met a relatively stringent criterion (CO f4 ppm) for abstinence on the day of scanning, some participants still
had measurable levels of plasma nicotine on the day of
scanning. It is possible that even more stringent CO levels
(e.g. f2 or 3 ppm) at the time of scanning or in-patient
hospitalization prior to scanning would have assisted in
reaching nicotine levels low enough not to interfere with
2-FA binding.
In summary, cigarette smoking leads to up-regulation
of a4b2* nAChRs and menthol cigarette smoking leads
to greater up-regulation of these receptors than nonmenthol cigarette smoking. These ﬁndings may help
explain the relative severity of dependence on menthol
cigarettes.
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