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Abstract
Smoking behavior is complex, and includes multiple stages in the progression from
experimentation to continued use and dependence. The experience of subjective effects, such as
dizziness, euphoria, heart pounding, nausea, and high, have been associated with varying degrees
of persistence and subsequent abuse/dependence of marijuana, cocaine, tobacco and alcohol
(Grant et al., 2005, Wagner & Anthony, 2002). Previous studies have reported associations
between neuronal nicotinic receptor (CHRN) genes and subjective effects to nicotine. We sought
to replicate and expand this work by examining eight SNPs in a sample of adult smokers (n=316)
who reported subjective effects following cigarette smoking in a controlled laboratory
environment. Two SNPs each in the CHRNB2, CHRNB3, CHRNA6 and CHRNA4 genes were
examined. A significant association was found between two SNPs and physical effects reported
after smoking the first experimental cigarette. SNP rs2072658 is upstream of CHRNB2 (p value =
0.0046) and rs2229959 is a synonymous change in exon 5 of CHRNA4 (p value = 0.0051). We
also examined possible functional relevance of SNP rs2072658 using an in vitro gene expression
assay. These studies provided evidence that the minor allele of rs2072658 may lead to decreased
gene expression, using two separate cell lines, P19 and SH-SY5Y cell lines (18% p<0.001 and
26% p<0.001 respectively). The human genetic study and functional assays suggest that variation
in the promoter region of CHRNB2 gene may be important in mediating levels of expression of
the β2 nicotinic receptor subunit, which may be associated with variation in subjective response to
nicotine.
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Introduction
Tobacco use is a risk factor for six of the eight leading causes of death worldwide (Cdc,
2008). While the health risks are well known and multiple smoking cessation programs are
available, the prevalence of smoking among adults in the United States remains around 21%
of the adult population (Pleis et al., 2009). Multiple factors contribute to the development of
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nicotine dependence, and many studies have identified early factors that are important
predictors for risk of dependence, such as age of initiation, early subjective effects, and co-
morbidity with other drug use and psychiatric disorders (Agrawal et al., 2009, Grant et al.,
2005, Wagner & Anthony, 2002).

There is strong evidence that genetic factors play an important role in smoking behavior.
Twin and adoption studies suggest that roughly 50% of the variance in smoking behavior is
due to genes (Heath et al., 1998, Hopfer et al., 2001, Swan & Carmelli, 1997, Swan et al.,
1997, Young et al., 2006). As the primary target for nicotine, the neuronal nicotinic
acetylcholine receptors (nAChRs) have been studied using pharmacological and animal
genetic models for many years (Gotti et al., 2007, Gotti et al., 2006, Mineur & Picciotto,
2008). Recently, strong evidence for associations between variation in the human nAChR
genes (CHRN genes) and smoking-related behaviors has emerged from genome-wide
association and candidate gene studies, summarized below (Greenbaum & Lerer, 2009).

Neuronal nicotinic acetylcholine receptors are members of the neurotransmitter-gated
superfamily of ion channels and are activated by acetylcholine and nicotine. They are
pentameric receptors composed of α and β subunits. Six α and three β subunits are
expressed in the mammalian brain. Both α and β subunits contribute to the binding sites for
acetylcholine and nicotine with the exception of α5 and β3 which function as accessory
subunits. Different receptor subtypes localize to different regions of the central nervous
system. For example, receptors composed of α4 and β2 subunits (sometimes with α5) are
the most prevalent nAChR subtype found in the brain, whereas receptors composed of α6,
β2, and β3 are primarily localized to the substantia nigra, ventral tegmental area, striatum,
and locus coeruleus (Gotti et al., 2006). To date, five different subtypes have been shown to
be expressed on dopaminergic nerve terminals, including α4α6β2β3, α6β2β3, α6β2, α4β2
and α4α5β2 (Grady et al., 2007). Furthermore, it is clear that GABAergic neurons also
express nAChRs (Lu et al., 1998), and that GABA release is modulated by α4β2 and
α4α5β2 receptor subtypes (Mcclure-Begley et al., 2009).

The goal of the current study was to examine a limited number of SNPs in a subset of
CHRN genes that have been previously implicated in subjective response to nicotine, using
a modest sample of subjects assessed in a laboratory immediately after smoking a cigarette
(Hutchison et al., 2007). The four genes included: CHRNA4, CHRNB2, CHRNB3, and
CHRNA6 which encode the α4, β2, β3, and α6 nAChR subunits respectively. CHRNA4,
located on chromosome 20, has been a top candidate for tobacco behavior with mixed
results. A previous study examined association of subjective effects over multiple cigarettes
with the CHRNA4 SNPs rs2236196 and rs6122429. The study suggested that the SNP
rs2236196, located in the 3’UTR, was associated with subjective effects as well as quit
success in a clinical trial. No significant associations were found with rs6122429 upstream
of CHRNA4 after adjusting for multiple testing (Hutchison et al., 2007). More recently,
there was suggestive evidence for association with CHRNA4 and the early subjective
experience of “dizziness” when first trying cigarettes, though this association was not
significant after adjustment for multiple testing (Ehringer et al., 2009). In the current study
two SNPs located in the coding region of CHRNA4 were tested for association with
subjective effects in regular tobacco users. These two exonic SNPs are at opposite ends of
the gene and should account for a high proportion of the overall variance though too few
SNPs are available in the current Hap Map data (data release #21a) to confidently
characterize the linkage disequilibrium (LD) patterns in this gene.

In the CHRNB2 gene (on chromosome 1), SNP rs2072658 in the putative promoter region
just upstream of exon 1 was shown to be associated with early subjective response to alcohol
and tobacco in young adults (Ehringer et al., 2007b). Three other studies have recently found
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associations between CHRNB2 and tobacco behaviours. The first found an association
between rs2072660 and initiation for smoking in young women (Greenbaum et al., 2006).
The others found individuals with the minor allele of rs2072661 had substantially reduced
odds of quitting smoking even with treatment, and improved effectiveness of the nicotine
patch (Conti et al., 2008, Perkins et al., 2009). However, other studies of variations in the
coding region of CHRNB2 have not found any association with tobacco behaviours
(Ehringer et al., 2007a, Ehringer et al., 2009, Etter et al., 2009, Lueders et al., 2002,
Silverman et al., 2000).

The CHRNB3 and CHRNA6 genes are contiguous on chromosome 8 and have been
implicated in several studies of nicotine dependence, often being correlated with subjective
response (Bierut et al., 2007, Ehringer et al., 2009, Hoft et al., 2008, Saccone et al., 2007). In
two independent young adult samples, the upstream region of CHRNB3 has been associated
with composite scores of early subjective response to tobacco (Zeiger et al., 2008). More
recently, the specific response “dizziness” was associated with this region in a third adult
sample (Ehringer et al., 2009).

Based on this literature, eight SNPs in these four genes were selected as top candidates to be
examined for possible association with subjective response to smoking in adult established
smokers. In order to further characterize the most significantly associated SNP, rs2072658
in CHRNB2, we assayed for its possible functional relevance in an in vitro luciferase gene
expression system using both nicotine naive and chronic nicotine treated cells.

Materials and Methods
Genetic Association

Subjects—The sample included 316 daily smokers between 18 and 55 years of age (26.9 ±
9.9) recruited from the Denver/Boulder metropolitan area (for a full description of the
sample (Hutchison et al., 2007)). The sample was split evenly between males and females
(54.4% male) and was predominantly Causasian (79.6%), with Hispanics (8.8%), Asians
(3.3%), African-Americans (2.8%), and undisclosed (5.2%) making up the remainder.
Roughly half the sample consisted of unrelated individuals the other half were dizygotic
twin and sib-pairs. Subject recruitment methods and protocols were approved by the
Institutional Review Board at the University of Colorado.

Assessments—A demographic questionnaire was administered to collect information on
sex, income, marital status, age, socioeconomic status, race at baseline, occupation, and
education. A smoking history questionnaire collected information on number of years as a
smoker, initial age for first cigarette smoked, number of attempts to quit, and frequency and
quantity of tobacco used before this study. Nicotine dependence was assessed using the
Fagerstrom test for nicotine dependence (FTND) (Heatherton et al., 1991).

The subjective responses to cigarettes were measured using the Nicotine Effects Scale
(NEQ) (Hutchison et al., 2007). Participants were scheduled for an experimental session
during which they smoked three experimental cigarettes (1.1 mg). Following each cigarette
(spaced 25 min apart) the participants responded to a questionnaire on acutely experienced
physical effects. The responses to the individual items were grouped as reported in
Hutchinson et al into three composite scores (Physical effects, Cognitive effects, Rush) for
each cigarette. The items which contribute to the composite Physical effects score are
dizziness, palms sweating, unpleasantness, nausea, buzzing, and heart pounding. To
minimize multiple testing of phenotypes, we prioritized based on previous work. Only
scores from the first cigarette were used, since it was predicted to elicit the strongest
responses. Based on work implicating “dizziness” as an important early subjective effect
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predicting nicotine dependence (Ehringer et al., 2009, Pomerleau & Pomerleau, 1984) and
previous genetic associations with this item, we only analyzed the physical effects score
which included “dizziness.”

Genotyping methods—Genomic DNA was isolated from buccal cell swabs and whole
genome amplified using the method of Zhang et al. (Zhang et al., 1992, Zheng et al., 2001).
TaqMan® assays for allelic discrimination (Applied Biosystems) were used to determine
SNP genotypes, per instructions of the manufacturer under standard conditions using a
Biomek 3000 Laboratory Automation Workstation (Beckman Coulter) to pipette the
reactions and an ABI PRISM® 7900 instrument for PCR cycling and data collection.

Analytic Methods—Genotypes were checked for quality and for Hardy-Weinberg
proportions using Haploview (Barrett et al., 2005). PLINK qfam-total option was used for
genetic association analysis using the family information with 10,000 permutations (Purcell
et al., 2007). QTDT was subsequently used to verify the results (Abecasis et al., 2000).
Further examination of correlations and phenotypic differences was done using SPSS (SPSS
Inc, Chicago, IL). The association analysis used the combined “physical” subjective effects
(evenly weighted) to capture dizziness, heart pounding and other similar physical effects in
the way the questionnaire and original study was designed to summarize them. The initial
analysis was completed on only the eight SNPs described in Table 2, chosen to target
variations previously associated with subjective effects (at the time the analysis was being
conducted). A secondary analysis was done to assess genetic association between the
Physical effects score and SNPs in the CHRNA5-CHRNA3-CHRNB4 cluster because of its
consistent association with other nicotine behaviors and reported association with
“pleasurable buzz.” (Sherva et al, 2008).

Functional Assays
Generation of plasmid constructs—A region of approximately 2.6 kb upstream of the
CHRNB2 initiation codon was amplified from human genomic DNA (Promega
Corporation), using the following forward primer 5’-TTCTTGGTGGGTATGGAAGG-3’
and the reverse primer 5’-GCTGCGAGGAGAAACCAG-3’ and Picomaxx High Fidelity
PCR System (Stratagene, La Jolla, CA). PCR products were cloned into pCRII-TOPO
cloning plasmids (Invitrogen, Carlsbad, CA), sequenced, and cloned fragments containing
the major and minor haplotypes in this region of CHRNB2 were identified. The rare allele of
rs2072658 (A replaces G) was introduced into both the major and minor haplotype
constructs via site-directed mutagenesis (Quikchange II, Invitrogen, Carlsbad, CA) since it
is not known whether the SNP occurs in the population within the major or minor haplotype
of this region of CHRNB2. Following sequencing to confirm the success of site directed
mutagenesis and verify the integrity of the sequence, the fragments were subcloned into the
pGL3 basic vector upstream of the Luciferase gene using restriction enzymes SacI, SmaI
and EcoRV (New England Biolabs, Ipswich, MA) and T4 ligase (Roche Applied Sciences,
Indianapolis, IN). Plasmid preparations from bacterial cultures were done using FastPlasmid
Mini-prep kit (Eppendorf, Westbury, NY) for small scale DNA preps or the Qiagen Plasmid
Maxi Purification Kit (Qiagen, Germantown, MD) for large scale preps. Following
introduction into the pGL3 basic vector the inserted DNA was re-sequenced to verify SNP
alleles and check for any artificially introduced variations. Relative lengths as well as
relevant polymorphisms of each construct are shown in Figure 2. Four constructs were used,
two with the major haplotype background that differ only at the variant nucleotides of
rs2072658 and two with the minor haplotype that also differ only at the variant nucleotides
or rs2072658.
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Cell culture and transfections—HEK293T, and SH-SH5Y cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with 4.5 g/liter glucose, 10% fetal
bovine serum (FBS), and 1% penicillin/streptomycin. P19S18O1A1 (P19) cells were
cultured in alpha MEM supplemented with fetal bovine serum (7.5%), calf serum (2.5%)
and 1% penicillin/streptomycin. All three cell types were seeded at 0.3 × 106 cells per well
in 24 well plates. Plasmids were transfected into HEK293T, SH-SY5Y, and P19 cells using
FuGene HD transfection reagent (Roche). Each test plasmid was co-transfected with a
control plasmid, and two different control plasmids were used in separate experiments. 200
ng or 400 ng of the test plasmid and 10 ng or 5 ng (for HEK293T) of the control plasmid
pRL-CMV (renilla luciferase under a weak CMV promoter) were co-transfected 24 hours
after seeding the cells in the plates. In separate experiments, 200 ng or 400 ng of the test
plasmid and 40 ng pRL-TK (renilla luciferase under a weak TK promoter) were co-
transfected 24 hours after seeding the cells in the plates. pGL3 basic vector with no insert
was also used to asses background luciferase activity (empty plasmid), distinct from
promoter driven expression. In some assays SH-SY5Y cells were differentiated by
incubation with 75mM all-trans-retinoic acid in addition to normal growth media for 10 days
prior to transfection. For the nicotine experiments, free base nicotine was added to a final
concentration of 0 μM, 1 μM or 10 μM 24 hours post transfection, and the cells were
maintained for another 24 hr before harvesting for luciferase activity.

Luciferase assay—Forty-eight hours after transfection, cell extracts were prepared and
luciferase assays carried out in 96 well plates using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI) and a PerkinElmer Victor 3V plate reader (PerkinElmer
Life Sciences, Wellesley, MA) or Tecan Plate reader (Perkin Elmer, Wellesley, MA) per
manufacturers’ instructions. The luciferase expression results from two separate
experiments, each including four replicates, were analyzed for each condition tested. A
minimum of two separate plasmid preps were tested with multiple replicates of each.

Data analysis—Luciferase activity of the test plasmid was divided by the renilla activity
of the control plasmid for each sample, and values were subsequently normalized within
experiments to the mean overall activity across the 96 well plate. Data were analyzed using
SPSS (SPSS Inc, Chicago, IL) using one way analysis of variance [ANOVA], two-way
ANOVA or Students’s t-test where appropriate. Since four different cell types were used,
the threshold for experiment wide significance was p=0.0125, using Bonferroni adjustment
(0.05/4).

Results
Phenotypic analysis

The “physical effects” score after the first cigarette was constructed as previously described
(Hutchison et al., 2007) by an even weighting of the responses to whether the subjects felt
dizziness, buzzing, nausea, heart pounding, unpleasant, and sweat on a Likert scale from 1 to
10. This composite phenotype of physical effects is significantly higher in nicotine
dependent individuals vs non-dependent individuals as measured by a FTND score of 4 or
more (t-test p=0.026). Interestingly the composite phenotype of physical effects is not
correlated with the quantitative number of FTND symptoms in this sample, but responses to
two of the items are correlated with FTND score, dizziness (r=0.146 p=0.042) and sweating
(r=-0.167 p=0.019). All correlations were calculated using the subset of unrelated
individuals (N=306).
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Genetic association
Genotypes were tested for Hardy Weinberg equilibrium, and checked for quality by
concordance between monozygotic twins and percent of genotypes successful for each
individual and each SNP. All SNPs were found not to deviate significantly from expected
Hardy Weinberg proportions, Table 2. Using PLINK qfam-total, a significant association
was found between two of the eight SNPs tested and a sum score of the physical effects
reported after smoking the first experimental cigarette, Table 3 (items listed in Table 4). The
first SNP rs2072658 is just upstream of CHRNB2 (p= 0.0046, Bonferroni adjusted p =
0.037; within Caucasians p=0.0006), while the second SNP (rs2229959) is a synonymous
change in exon 5 of CHRNA4 (p= 0.0051, Bonferroni adjusted p = 0.041; within Caucasians
p=0.0058). QTDT indicated no evidence for population stratification with the subjective
effects phenotypes for any of the SNPs, and the results within Caucasians supported the
results for the entire sample. The second SNP tested in CHRNB2 was not significant, but
rs2072660 is in intron 3, 8496 bp downstream of rs2072658 and the two SNPs show nearly
zero r2 linkage disequilibrium. There were ten individuals who were in both this sample and
the sample used in the analysis in Ehringer et al. which showed association between the SNP
and early subjective effects as measured using an interview recall questionnaire (a different
but related phenotype) (Ehringer et al., 2007a). Removing these individuals from the
analysis resulted in a very small change in significance (rs2072658 p = 0.0046, stat=8.2,
n=258, rs2229959 p = 0.0073, stat=7.3, n=248). Post Hoc analysis for association with each
of the “physical” subjective effects indicated the association with rs2072658 is driven by
sweating, heart pounding, and nausea (p = 0.0028, 0.0064 and 0.016 respectively). In
contrast association with rs2229959 is driven by nausea, dizziness, and sweating (p = 0.007,
0.028, 0.043 respectively), Table 4.

The secondary analysis for rs514743, rs680244, rs684513 and rs16969968 in CHRNA5,
rs8040868 and rsrs8023462 in CHRNA3 showed no significant associations between these
SNPs in the CHRNA5-CHRNA3-CHRNB4 gene cluster and the composite for physical
subjective effects after controlling for multiple testing. There was suggestive evidence for
association between rs16969968 and buzzing (empirical stat = 8.8 p=0.009) and rs8023462
with sweating (empirical stat = 7.1 p=0.009) (data not shown).

To further verify the association result QTDT was used, which uses a modified transmission
disequilibrium test (rather than a permutation method) for analyzing family data and then
combines it with non-family data (Abecasis et al., 2000). Using the –ap option in QTDT we
tested for and found no evidence for stratification. For the genetic association analysis,
QTDT yielded similar results as PLINK for both SNPs further supporting association
between “Physical effects” reported after smoking the first experimental cigarette and
rs2072658 (p = 0.0024, F=9.42, df=263) and rs2229959 (p =0.0074, F=7.3, df=250).

Functional assays
The four CHRNB2 upstream region constructs that were tested are shown in Figure 2.
Experiments to assess whether 24 hr treatment with nicotine affected CHRNB2 upstream
region driven-luciferase reporter gene expression revealed that nicotine treatment (1 or 10
μM) was without effect Figure 3. There also were no SNP × nicotine environment
interactions observed. Therefore, data were combined across non-significant groups and the
results are shown in Figure 4 and Table 5. The minor allele of rs2072658 showed decreased
relative luciferase expression in SH-SY5Y, P19, and differentiated SH-SY5Y cells, and
although the directional trend is the same in HEK cells, the difference was not significant.

The largest effect of rs2072658 was observed in SH-SY5Y (human neuronal) cells, with a
26% reduction in relative luciferase expression on the minor haplotype background
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(G_minor compared to A_minor) and a 16% reduction in relative luciferase expression on
the major haplotype background (G_major compared to A_major) (p<0.001). No difference
was observed between G_major and G_minor. Differentiated SH-SY5Y cells showed a
similar pattern except that the haplotype background made a difference with a 23%
reduction in relative luciferase activity observed between G_major and G_minor (p<0.001).
There were no interaction effects between rs2072658 and the other SNP alleles, that is the
magnitude and pattern of decrease in relative luciferase expression is roughly the same when
comparing G_major vs A_major as with G_minor vs A_minor.

P19 cells also showed a small but significant decrease in relative luciferase activity due to
rs2072658 in both the major and minor backgrounds (17% p<0.002, and 18% p<0.001
respectively). In HEK cells no significant differences were found between the four
constructs in relative luciferase activity after adjusting for multiple testing (four cell types/
conditions).

Discussion
Genetic association

Here we have examined eight SNPs in four CHRN genes selected on the basis of previous
evidence for association with subjective effects to nicotine. The most significant association
was between rs2072658 in CHRNB2 and smoking-induced physical effects. This result was
driven by reported experiences of nausea, heart-pounding, and sweating after smoking a
cigarette, and supports our previous study of adolescent early subjective effects (Ehringer et
al, 2007).

The current study expands on our previous work by examining a new sample of adult
subjects, using a highly detailed laboratory assessment of subjective effects. It represents the
first attempt (that we know of) to replicate the association with rs2072658, so the fact that
this rare SNP emerged as the most significant association provides additional evidence for
its possible role in mediating these responses.

In addition, we cloned the putative promoter region with each allele of SNP rs2072658 and
assayed for the effect of the SNP using a luciferase gene reporter assay. Two reporter-gene
constructs were generated for each allele (G, major; A, minor) on two haplotype
backgrounds. The surrounding DNA sequence of a polymorphism may influence tertiary
DNA structure and/or important DNA-binding sites for key regulatory proteins, so we
examined how each allele might contribute to gene expression in the context of both major
and minor haplotypes. Our results indicate that in the case of rs2072858 the rare A allele
decreases reporter gene expression, and this effect is independent of other local SNP
variation. This does not preclude the possibility that rs2072658 interacts with SNPs in this
region which were not represented in the constructs nor SNPs upstream or downstream of
the cloned region. In addition, our results from multiple cell types demonstrate that other
SNPs in the region are likely to affect expression in some cell types but not others. This was
not unexpected, since expression of the β2 subunit is highly regulated to specific neuronal
regions and cell types (Gotti et al., 2007). However, the cell type-dependent effect on
expression is much smaller than the effect of the single nucleotide change at rs2072658,
highlighting its possible important role in regulation.

Multiple studies have shown that upregulation of nicotinic receptors by nicotine is
independent of differences in mRNA (Huang & Winzer-Serhan, 2006, Marks et al., 1992,
Pauly et al., 1996). However, nicotine has been shown to increase expression of many
different proteins, including transcription factors (Zhang et al., 2007). To examine whether
there is support for rs2072658 making a difference in gene function we used the
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Transcription Element Search System (TESS; URL http://www.cbil.upenn.edu/tess).
Interestingly, transcription factor LBP-1 (aka UBP-1) is predicted to bind the sequence
surrounding SNP rs2072658 allele G, but not allele A. It is possible that decreased binding
efficiency in the presence of the rare A allele may lead to reduced transcription of the
CHRNB2 gene. Based on this in silico analysis we hypothesized that although nicotine
might not be predicted to upregulate reporter gene expression from the CHRNB2 promoter,
it may be possible for a particular SNP, such as rs2072658, to interrupt the binding site for a
transcription factor affected by nicotine and thus lead to modulation of allele-specific
differences in gene expression by nicotine. We found no effect of chronic nicotine exposure
in cell culture on the relative expression. To mitigate the chance of observing or failing to
observe an effect of nicotine due to changes in expression of the control plasmid a second
promoter (TK) was used to check the nicotine results and no significant differences were
found. This increases our confidence that there is neither an effect of nicotine on general
regulation of luciferase expression in this system, nor an interaction effect between the
rs2072658 genotype and nicotine, in the context of the specific CHRNB2 promoter region
examined.

The only other SNP that achieved significance after accounting for multiple testing was
rs2229959, which leads to a synonymous substitution in exon 5 of CHRNA4. This is
consistent with the finding that rs2236196, which resides in the 3’UTR of exon 6, is
associated with the subjective effects of nicotine (Hutchison et al., 2007). It is important to
note that rs2236196 is in strong linkage disequilibrium with rs2229959. Ehringer et al.
examined both of these SNPs and estimated linkage disequilibrium to be D’ of 0.91, but
found no association with either SNP and early subjective effects to nicotine and alcohol in
adolescents (Ehringer et al., 2007a). As is the case for many genetic studies, there are some
SNPs and genes that are likely to replicate even in the context of different samples and
phenotypes (as with rs2072658 in CHRNB2), while others SNPs are more sample and
phenotype specific. In the case of rs2229959, a couple of studies have now provided
evidence for association with subjective effects in adult smokers, but it remains unclear
whether this gene plays a role in subjective effects in adolescents.

In a secondary analysis we looked at a few polymorphisms in the CHRNA5-CHRNA3-
CHRNB4 gene cluster. There were no significant associations between these SNPs and the
composite of physical effects, but rs16969968 which has been repeatedly associated with
multiple smoking behaviors, showed suggestive association with “buzz”. Although not
significant this is similar to the subjective effect, “pleasurable buzz” reported to be
associated with the same SNP in a separate sample Sherva et al (Sherva et al., 2008). The
fact that rs16969968 was not significantly associated with the composite Physical effects
score, or the “dizziness” item is also consistent with our previous findings in other samples
(Ehringer et al., 2009, Schlaepfer et al., 2008). Future work will be needed to further
disentangle how different components of the subjective responses may be associated with
various SNPs in specific CHRN genes.

Other Emerging Evidence for role of CHRNB2
Multiple recent studies have found that SNPs in CHRNB2 are associated with the
effectiveness of smoking cessation aids, the failure to quit and nicotine dependence (Conti et
al., 2008, Greenbaum et al., 2006, Perkins et al., 2009). The phenotypic focus of these
studies was nicotine dependence and the most significant SNP (rs2072661) is located in the
3’UTR. In the present study we did not test nicotine dependence or failure to quit, but we
also did not find an association with rs2072660 which shows modest LD with rs2072661.
However, other studies of variations in exons of CHRNB2 also have not found any
association with tobacco behaviors (Ehringer et al., 2007a, Ehringer et al., 2009, Etter et al.,
2009, Lueders et al., 2002, Silverman et al., 2000). The heterogeneity of samples and slight
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differences in phenotypic measures contributes to this heterogeneity in results making
teasing out which elements of tobacco behavior are affected by which regions of CHRNB2 a
continuing challenge.

Here we measured smoking related behaviour using reported subjective effects following
smoking a cigarette in the laboratory. Subjective effects to smoking are associated with
nicotine dependence in this sample as well as other adult and adolescent samples (Ehringer
et al., 2007a, Ehringer et al., 2009). Likewise, Pomerleau and colleagues have demonstrated
the important role of subjective effects in nicotine behaviors for decades (Pomerleau &
Pomerleau, 1984), more recently showing that parental history of smoking is associated with
subjective response in never smokers (Pomerleau et al., 2009). Our recent genetic studies
suggest that subjective effects may be a suitable nicotine-association “endophenotype”
worthy of future research. It is interesting that the nicotine dependent individuals tend to
endorse higher levels of what might be considered “negative” Physical response scores. This
is consistent with our previous work, which includes separate samples (Zeiger et al, 2008;
Ehringer et al, 2009) and one can only speculate about why this counter-intuitive
phenomenon occurs. It is important to note that with only one exception, the items do not
connote affective valence. Rather, the items all relate to physiological arousal, which may be
related to the stimulatory effects of nicotine. On the other hand, even if the items are
interpreted negatively by the participants, it is possible that individuals who decide to
continue using a drug which leads to “negative” effects may represent a subgroup of people
who are more severely dependent.

The β2 and α4 nAChR subunits are the most commonly expressed in the brain, and the
predominant receptor subtype in brain contains both α4 and β2 subunits (Gotti et al., 2007),
so it is interesting that SNPs in CHRNB2 and CHRNA4 emerged as most significant.
However, we were surprised that there was no evidence for association with CHRNB3/
CHRNA6, given the multiple studies that have implicated this region in smoking behavior
and early subjective effects. However, as alluded to earlier, the current study may be limited
by sample size, and the measure of subjective effects is different than any of the previous
studies, which focused on adolescents (Zeiger et al., 2008) or specifically asked about the
“first few cigarettes” (Zeiger et al., 2008; Ehringer et al., 2009). There is already evidence in
the literature that age can modify the affect/association of CHRN variations with smoking
traits. For example a SNP in CHRNA5 has been associated with susceptibility to nicotine
dependence in individuals who begin smoking before age 16, but the association is not
observed in individuals who initiate later (Weiss et al., 2008). Future studies comparing
early subjective effect questionnaire measures to laboratory measures in established adult
smokers may shed insight about how this endophenotype changes over time, and whether
different genetic variations may contribute to different aspects of the measure.

In summary, we found that people who carry the minor (A) allele for rs2072658 report
higher levels of physical subjective effects, in particular nausea, heart-pounding and
sweating. This is the same direction (“risk” allele) reported in Ehringer et al. (2007a).
Introduction of this SNP into a luciferase reporter vector indicates that constructs with the
minor allele (A) show lower relative luciferase expression, suggesting that lower expression
may lead to greater experience of physical subjective effects such as nausea, heart-pounding,
and sweating. Future work examining additional variants in these genes, identifying novel
rare variants through DNA resequencing in the context of specific phenotypes for human
genetic studies, and expanded functional studies, will be needed to better characterize the
role of CHRNB2 and CHRNA4 in mediating tobacco responses and development of
dependence.
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Figure 1.
Mean physical effects score by rs2072658 genotype. Individuals with the AG genotype have
significantly higher physical effects scores than individuals with the GG (common)
genotype after smoking the first experimental cigarette (n=17 mean=21.3 and n=282
mean=11.6 respectively). There were no individuals in this study with the rare AA genotype.
Error bars represent a 95% confidence interval on the mean, * indicates p<0.05.
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Figure 2.
Diagram of the human CHRNB2 promoter region and known SNPs from the UCSC
Genome Browser March 2006 update (http://genome.ucsc.edu/), cross-referenced with
dbSNP (http://www.ncbi.nlm.nih.gov/SNP/) and Ensembl (http://www.ensembl.org/).
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Figure 3.
Relative luciferase activity across cell types for three concentrations of nicotine. No
significant differences were observed in relative activity between 0 μM, 1 μM and 10 μM
chronic nicotine exposure. Error bars represent a 95% confidence interval on the mean.
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Figure 4.
Relative luciferase activity of four constructs in four cell types. The target polymorphism
rs2072658 (minor allele A shaded grey) shows a significant reduction in expression in SH-
SY5Y, P19, and differentiated SH-SY5Y cells, indicated by an asterisk. This reduction in
relative luciferase activity is independent of other local SNP variation (major vs minor).
Error bars represent a 95% confidence interval on the mean, * indicates p<0.05.
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