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Abstract
Background—There are several studies reporting association of alpha-4 nicotinic acetylcholine
receptors (encoded by CHRNA4) with nicotine dependence (ND). A meta-analysis of genomewide
linkage studies for ND implicated a single chromosomal region, which includes CHRNA4, as
genomewide significant.

Methods—After establishing that common variants are unlikely to completely account for this
linkage, we investigated the distribution of CHRNA4 rare variants by sequencing the coding exons
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and flanking intronic regions of CHRNA4 in 209 European American (EA) ND cases and 183 EA
controls. Because most of the rare variants that we detected (and all nonsynonymous changes)
were in exon 5, we sequenced exon 5 in an additional 1000 ND cases and 1000 non-ND
comparison subjects, both of which included equal numbers of EAs and African Americans
(AAs).

Results—Comparison subjects had a higher frequency of rare nonsynonymous variants in the
exon 5 region (encoding the large intercellular loop of the α4 subunit) (Fisher’s exact test p=0.009;
association test p=0.009, OR=0.43; weighted-sum method p=0.014), indicating a protective effect
against ND. Considering data from the two stages combined and only nonsynonymous variants
predicted to alter protein function, the association was stronger (Fisher’s exact test p=0.005;
association test p=0.008, OR=0.29). SPECT imaging results were consistent with functionality.

Conclusions—CHRNA4 functional rare variants may reduce ND risk. This is the first
demonstration that rare functional variants at a candidate locus protect against substance
dependence, suggesting a novel mechanism of substance dependence heritability that is potentially
of general importance.

Keywords
Nicotine dependence; rare variants; nonsynonymous; CHRNA4; imaging genetics; deep
sequencing

Introduction
It is estimated that 18.1% of total US deaths were caused by tobacco in 2000, which makes
tobacco smoking the leading cause of mortality (1). Despite increasing awareness of the
health risks caused by smoking and efforts at tobacco-use prevention and control, the
prevalence of smoking has declined slowly.

The difficulty people experience in quitting smoking is an expression of nicotine addiction.
The reinforcing actions of nicotine are mediated by binding to nicotinic acetylcholine
receptors (nAChRs) in the central nervous system. nAChRs are ligand-gated ion channels
that respond to the neurotransmitter acetylcholine (ACh), as well as to nicotine. Chronic
exposure of nAChRs to nicotine stabilizes a desensitized, closed state, decreasing receptor
function, and increases the assembly of high-affinity receptors (2). Assembled, functional
nAChRs are composed of combinations of five subunits that are encoded by 17 genes. In the
brain, the majority of nAChRs are composed of α4β2 hetero-oligomers that have high
affinity for nicotine (3).

Studies in rodent models and human subjects have demonstrated that α4β2 nAChRs play an
important role in nicotine dependence (ND). First, activity of α4β2 nAChRs contributes to
nicotine self-administration. Pretreatment with a nicotinic receptor antagonist dihydro-β-
erythroidine, which blocks the α4β2 subtype, decreases nicotine self-administration in rats
(4). Consistent with this finding, β2 knock-out mice, which lack high-affinity nAChRs, do
not maintain self-administration of nicotine (5). Second, α4β2 receptors activate mesolimbic
dopamine systems that contribute to the rewarding effects of nicotine. For example,
activation of α4β2 receptors in the ventral tegmental area increases extracellular dopamine
levels in the nucleus accumbens (6,7), and neither β2 nor α4 knock-out mice exhibit
nicotine-elicited increases in dopamine levels (5,8). Third, experiments with gain-of-
function α4* nAChR knock-in mice demonstrate that α4* nAChR activation is sufficient for
nicotine-induced reward, tolerance, and sensitization (9). Finally, in humans, a partial
agonist of α4β2 nAChRs, varenicline, is efficacious for smoking cessation (10).
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In recent years, genome-wide association studies (GWAS) identified several regions
containing genes associated with smoking-related behaviors, especially a cluster of three
nAChR subunit genes, CHRNA5, CHRNA3 and CHRNB4 (11-13). Despite the important
functions of α4* nAChR in ND, no GWAS yielded a significant signal near CHRNA4,
though several candidate gene studies reported significant associations of CHRNA4 and
smoking behaviors (14-20).

Genomewide linkage studies (GWLS) identified numerous chromosomal regions linked to
ND. A recent meta-analysis of GWLS of the maximum number of cigarettes smoked in a
24-hour period yielded only one genome-wide significant linkage signal at 20q13.12-q13.32
in European-ancestry samples; this peak overlies CHRNA4 (21).

Rare variants may be important reservoirs of risk for complex genetic traits, including
neuropsychiatric traits (22,23). However, the role of rare variants is largely unexplored for
ND. Because of the inconsistency of the evidence common polymorphisms in CHRNA4 as
contributors to ND risk and the functional importance of the α4 subunit of the nAChR for
nicotine actions, we hypothesized that rare variants in CHRNA4 modulate risk for ND.

In this study, we investigated rare sequence variants of CHRNA4 in nearly 1200 ND cases
and 1200 comparison subjects. The effect of some of the rare variants identified on
availability of α4β2 nAChRs was assessed by means of iodide 123-labeled 5-iodo-A-85380
([123I]5-IA) single-photon emission computed tomography (SPECT) imaging. [123I]5-IA
binds with relative selectivity to α4β2 nAChRs (24) and thus can be used to measure the
availability of α4β2 nAChRs (25). Here, we report that nonsynonymous rare variants in the
exon 5 region encoding the cytoplasmic loop are protective for ND, with the strongest
evidence for the African American (AA) population. We also found that at least a subset of
these rare variants in CHRNA4 alters availability of high affinity nAChRs in human brain.

Methods and Materials
Subjects

Subjects were recruited for linkage and association studies of the genetics of cocaine, opioid,
and alcohol dependence (26,27). The participants were recruited at 5 sites: the University of
Connecticut Health Center (538 ND cases and 467 comparison subjects), Yale University
School of Medicine (432 ND cases and 428 comparison subjects), the Medical University of
South Carolina (54 ND cases and 255 comparison subjects), the University of Pennsylvania
School of Medicine (133 ND cases and 16 comparison subjects), and McLean Hospital of
Harvard Medical School (52 ND cases and 17 comparison subjects). Written informed
consent was obtained from all participants. The institutional review board at each of the
participating sites approved the study protocol. All subjects were interviewed by trained
interviewers using the Semi-Structured Assessment for Drug Dependence and Alcoholism
(SSADDA) (28,29), which yields diagnoses for a variety of psychiatric and substance use
disorders. The SSADDA diagnosis of ND is lifetime and based on DSM-IV. The reliability
of the SSADDA for the lifetime diagnosis of ND was excellent, with interrater and test-
retest reliability [κ] of 0.77 and 0.97, respectively (28). Subjects affected with major
psychiatric illnesses, such as schizophrenia, schizoaffective disorder, or mental retardation,
were excluded.

We divided the subjects into 2 groups: the “discovery” sample and the “test” sample. The
discovery group contained 209 ND cases and 183 controls, all of whom were self-reported
European Americans (EAs), whose population assignment was confirmed by the analysis of
ancestry-informative markers (AIMs) using STRUCTURE software (30-32). The 209 ND
cases were affected siblings recruited from 114 families. Selecting cases with affected
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family members was expected to increase power, because rare risk variants could co-
segregate with disease status, and thus the probability of cases carrying rare risk variants
would increase. The majority of the cases (87%) had comorbid cocaine, opioid, or alcohol
dependence. The controls were all unrelated and unaffected individuals. The mean age of the
cases (53.1% male) was 37.2 (SD = 9.8) years, and of the controls (53.0% male) was 37.6
(SD = 15.0) years.

The test group contained 1000 unrelated ND cases and 1000 unrelated comparison subjects,
including controls and subjects without ND, but with another substance dependence. Five
hundred cases and 500 comparison subjects were EAs, and an additional 500 cases and 500
comparison subjects were AAs. As with the discovery sample, the race of the subjects was
confirmed by the analysis of AIMs data. For ND cases, 97.8% were comorbid with cocaine,
opioid, or alcohol dependence (49.4% had opioid dependence, 54.3% had alcohol
dependence and 85.1% had cocaine dependence). Of the comparison subjects, 27.9% had
another substance dependence diagnosis (mostly alcohol dependence). The mean age of the
cases (56.7% male) was 40.0 (SD = 9.8) years, and of the comparison subjects (42.1% male)
it was 38.8 (SD = 13.1) years.

A total of 139 subjects (92 smokers and 47 non-smokers) participated in [123I]5-IA SPECT
scans. Subjects had no history of psychiatric, neurological, or medical disease and no history
of drug or alcohol dependence except for ND. Smokers were required to abstain from
smoking for 7-9 days prior to their SPECT scans and were instructed that they could not use
any forms of nicotine replacement therapy or medication throughout the study. Abstinence
from smoking was confirmed by urine cotinine and breath carbon monoxide levels
monitored daily for the first 8 days of smoking cessation and a minimum of twice weekly
thereafter. Subjects were administered equivalent doses of [123I]5-IA as a bolus to constant
infusion at a ratio of 7.0 for 8 hours, and were imaged at equilibrium, between 6 and 8
hours. Detailed methods for the imaging study were described previously (25). Written
informed consent was obtained from all participants.

Sequencing and Genotyping
The CHRNA4 gene is more than 17 kb long and contains 6 exons spanning a total of 5,486
bp. The mRNA is 1884 bp, encoding a protein of 627 amino acids. The largest exon among
the 6 coding exons is exon 5, which is 1375 bp. As with other nAChR subunits, the
polypeptide chain of α4 has a large extracellular N-terminal domain, which is glycosylated.
It contains 4 transmembrane domains; a large cytoplasmic loop is between the third and
fourth transmembrane domains. A short C-terminal domain is extracellular. According to
Uniprot, there are 270 amino acids in the cytoplasmic loop, and exon 5 codes the first 256 of
these amino acids.

We designed primers for polymerase chain reaction (PCR) (see Supplement) based on the
Ensembl sequences (ENSG00000101204). After PCR amplification, products were purified
using Exonuclease I and shrimp alkaline phosphatase. Sequence analysis was carried out on
Applied Biosystems 3730 capillary instruments at the Yale Keck core facility. In the
discovery stage, PCR was performed for all of the coding exons and flanking intronic
regions of CHRNA4. Based on the results from the discovery samples, only exon 5 and its
flanking intronic regions were sequenced in the test stage and the imaging study. All rare
variants detected were confirmed by independent PCR and sequencing from the other
direction of the amplicons. Some PCR conditions were more difficult to optimize than
others based on the quality of the DNA template, so the number of individuals for whom we
could get Sanger sequencing data differed for each amplicon. The success rate for the
sequencing was 80-99.6%.
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Forty-one AIMs were genotyped to analyze the race of each subject. These 41 markers
included 36 short tandem repeats markers and 5 SNPs, all of which are highly ancestry-
informative. The detailed information has been described previously (33,34).

Data analysis
STRUCTURE software (30-32) set at 500,000 burn-in iterations and 500,000 repeats, was
used to analyze the AIMs data. Subjects with ancestry proportion scores ≥ 0.50 were
classified as AA, and those with ancestry proportion score <0.50 were classified as EA. The
results were highly concordant with self-reported race.

DNA sequences were analyzed by SeqScape v2.6 (ABI). Automated sequence analysis was
performed as follows to validate the results from SeqScape: Sequence chromatograms were
loaded into CodonCode Aligner (CodonCode Corperation) to determine homozygous and
heterozygous calls using the built-in phred program. Phred-derived sequences were then
converted into fasta, and uploaded into the Galaxy (35) tool for sequence alignment against
the CHRNA4 genomic sequence.

To increase statistical power, we used a collapsing method, in which the total number of rare
nonsynonymous variants in cases and comparison subjects was compared using Fisher’s
exact test (FET). The total number of chromosome sequenced was based on the assumption
that each individual has two chromosomes (and two copies) of this gene. To account for the
variable sample size sequenced for each rare variant, the sample size was adjusted using
harmonic mean: N = n /(∑1/ Ni ) , where Ni is the sample size of the i th variant and n is the
number of variants. The number of each rare variant was adjusted as ∑ pi * N , where pi is
the frequency of the i th variant. In addition to the collapsing method, we also used a
weighted-sum method (36) (WSM) to test for the association of rare variants and ND.

PolyPhen (37) was used to predict the effects of nonsynonymous variants on protein
structure and function. PolyPhen gives three predictions: benign, possibly damaging, and
probably damaging. We considered rare nonsynonymous variants with a prediction of
possibly damaging or probably damaging to be functional.

For the imaging study, images were reconstructed and analyzed as previously described
including a nonuniform attenuation correction (25). We chose brain regions that were known
to express α4β2 nAChRs, including frontal, parietal, anterior cingulate, temporal and
occipital cortices, thalamus, striatum (an average of caudate and putamen) and cerebellum.
The outcome measure VT/fP (regional activity divided by free plasma parent between 6 and 8
hours) was used (38). For each rare variant carrier, the availability of α4β2 nAChRs was
compared to a group of 4 to 6 age- and smoking status-matched non-carriers.

Results
Sequencing the coding exons of CHRNA4 in the discovery sample set

We identified 31 unique single-nucleotide variants in the coding exons and flanking intronic
regions of CHRNA4 in the discovery cohort. Of these variants, 21 were exonic, including 8
types of SNPs (minor allele frequencies (MAF) > 5%) and 13 types of rare variants (MAF ≤
1%, Figure 1A). None of the variants were found to have MAF between 1% and 5%. Six of
the 13 rare variants identified were nonsynonymous substitutions, and all were missense
mutations. Two individuals from the control group seemed to be homozygous for rare
nonsynonymous variants. However, due to the rarity of these variants, the probability of
being homozygous is low; it is possible that these two controls had a deletion (e.g., an
overlapping CNV) in one chromosome over that region. The following statistical analyses
considered these “homozygous” sites as monoallelic, to be conservative. In total, we
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observed 11 rare nonsynonymous variants (Table 1), which did not differ in frequency
between cases and controls (FET p=0.56, WSM p=0.30).

Sequencing the exon 5 of CHRNA4 in the test sample set
Because 12 of the 13 types of rare variants observed were located in exon 5 of CHRNA4,
including all of the rare nonsynonymous variants, we sequenced this exon in an additional
1000 ND cases and 1000 comparison subjects. Per Uniprot, exon 5 encodes 114 amino acids
of the extracellular domain, all of the first three transmembrane domains, and 256 amino
acids of the cytoplasmic loop.

In the test stage, we identified 142 rare variants in exon 5, of 54 different types with MAF <
1% (Figure 1B, Table 2). Seven of the 12 types of rare variants identified in the discovery
stage in exon 5 were observed again in the test stage. Of the 54 unique rare variants, 35 were
observed only once, and eight were observed more than five times. Most of the rare variants
(64.8% of the 54 types of rare variants, and 83.1% of the total variants) were located in the
region encoding the cytoplasmic loop of the α4 subunit. Twenty-four of the 54 unique rare
variants were nonsynonymous variants, which were all missense, with 18 of them located in
the region encoding the cytoplasmic loop. Of these cytoplasmic missense rare variants, 30
were found in comparison subjects, and 14 were found in cases (Figure 2). Comparison
subjects had a significantly higher frequency of rare nonsynonymous variants in the
cytoplasmic loop region than the cases (FET p=0.009; association test p=0.009, OR=0.43,
95%CI=0.23-0.81; WSM p=0.014). The frequency of rare nonsynonymous variants located
in the exon 5 region encoding the extracellular and transmembrane domains did not differ
between cases and comparison subjects (FET p=0.73, WSM p=0.80). In addition, the
frequency of rare synonymous variants in exon 5 did not differ between cases and
comparison subjects (FET p=0.39, WSM p=0.40).

Combining results from the two stages
When results from the discovery and the test stages were combined, we observed a total of
53 (20 types) rare nonsynonymous variants in the exon 5 region that encodes the
cytoplasmic loop (Table 3). Of these rare nonsynonymous variants, 35 were in comparison
subjects and 18 were in ND cases. Traces of Sanger sequencing results can be found in the
Supplement.

As expected, AAs carried more rare variants than EAs (because they represent an older
population), and most variants were population-specific. In both populations, comparison
subjects had a higher frequency of rare nonsynonymous variants in the exon 5 cytoplasmic
loop region than cases. The difference was significant in AAs (FET p=0.01, WSM p=0.008),
but not in EAs (FET p=0.29, WSM p=0.35). However, a missense mutation p.Pro451Leu,
which was exclusively observed in EAs, was found in 8 comparison subjects, but only in 2
ND cases. The difference in frequency of this rare variant is marginally significant (FET
p=0.05), potentially indicating a protective effect against ND.

Functional analysis
PolyPhen (37) was used to predict the effects of rare nonsynonymous variants on protein
function. Among the 20 types of rare missense variants observed in the exon 5 cytoplasmic
loop region, PolyPhen predicted 8 to be possibly or probably damaging (Table 3).
Comparison subjects had a total of 19 alleles of these variants and cases had 6, a significant
difference (FET p=0.005; association test p=0.008, OR=0.29, 95%CI=0.11-0.72; WSM
p=0.005), suggesting that functional rare variants in this region had protective effects against
ND.
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In the discovery stage, 209 ND cases from 114 families were included, most of whom were
affected siblings. We only observed one pair of affected siblings both carrying a missense
rare variant; this variant was not predicted to be damaging to α4 subunit function by
PolyPhen. For protective variants, this design choice should not affect power.

Imaging study
Among the 139 subjects (92 smokers and 47 nonsmokers) who participated in the [123I]5-IA
SPECT imaging study, one nonsmoker and two smokers carried different nonsynonymous
rare variants in the exon 5 cytoplasmic loop region. The nonsmoker, who was a 30-year-old
EA female, carried a p.Arg336Cys rare variant. Compared to a group of four age-matched
control nonsmokers, the regional α4β2 nAChR availability in the brain of this rare variant
carrier was 69.3%, 63.0% and 76.7% higher in the cortical areas, striatum, and cerebellum,
respectively (Figure 3A, subject 1 (S1), and Figure 3B). The α4β2 nAChR availabilities
among the two smokers who carried nonsynonymous rare variants (p.Pro452Ser and
p.Arg487Gln) and their age-matched control smokers were similar.

Another three subjects (one nonsmoker and two smokers) were found to carry synonymous
rare variants in the exon 5 cytoplasmic loop region. Similar to what was observed for the
nonsmoker with the nonsynonymous rare variant, the nonsmoker who carried two
synonymous rare variants (p.Pro451Pro and p.Pro554Pro) also had higher α4β2 nAChR
availability in the cortical areas (11.9%), striatum (21.4%), and cerebellum (20.8%), than a
group of four age-matched control nonsmokers (Figure 3A, subject 2 (S2)); while no
difference was observed between the two smokers who carried the synonymous rare variants
p.Phe326Phe and p.Leu520Leu and their age-matched control smokers.

Discussion
In this study, we investigated the distribution of rare variants in CHRNA4 in more than 2000
ND cases and comparison subjects. Compared to cases, controls had a significantly higher
frequency of rare nonsynonymous variants located in the exon 5 region encoding the
cytoplasmic loop of the α4 nAChR (FET p=0.009; association test p=0.009, OR=0.43,
95%CI=0.23-0.81; WSM p=0.014). Functional in-silico analysis (PolyPhen) further
demonstrated that the comparison subjects carried significantly more potentially damaging
rare nonsynonymous variants than the cases (FET p=0.005; association test p=0.008, OR=
0.29, 95%CI=0.11-0.72; WSM p=0.005), suggesting that some rare functional variants exert
a protective effect against ND. In addition, although we observed that comparison subjects
had a higher frequency of rare nonsynonymous variants in the exon 5 cytoplasmic loop
region in both EAs and AAs, the difference was significant only in AAs.

The basic structure of different nAChR subunits is quite similar, but the large cytoplasmic
loop is highly divergent, which accounts in part for the functional differences and
differences in the distribution (39), assembly (40), and other characteristics of nAChR
subunits. This cytoplasmic loop is also important for interaction with intercellular proteins,
which could increase the stability of α4β2 nAChRs (41), as well as post-translational
modification of the α4 subunit (42). Our imaging study showed that for nonsmokers,
specific rare variants in the CHRNA5 gene region encoding the cytoplasmic loop could
increase the availability of α4β2 nAChRs in multiple brain regions. In addition, a
nonsynonymous rare variant seems to have a bigger effect than the synonymous rare
variants (Figure 3). One possible explanation for the difference in nAChR availability
observed in the subject with the nonsynonymous rare variant is that increased availability of
α4β2 nAChRs compensates for damaged protein function. Alternatively, an increase in
stability of the mutated α4 protein could increase baseline nAChR function, providing
protection against further increases by the nicotine in tobacco. The results from this imaging
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study are preliminary, and these hypotheses remain to be tested. For smokers carrying
nonsynonymous rare variants, Chronic exposure to nicotine up-regulates α4β2 nAChRs (43),
and this may mask the effect of rare variants. It is hard to generalize based on these findings
however, because it is plausible that each specific variant could have a unique effect on
function. These findings should therefore be viewed as illustrative of possible effects rather
than predictive of all.

Animal experiments have demonstrated that activation of α4β2 nAChRs is involved in the
development of ND (5,8,9). Therefore, current understanding is consistent with the notion
that nonsynonymous rare variants s in the cytoplasmic loop of the α4 subunit may have a
protective effect against ND. Evaluation of the role of these rare variants in the α4 subunit in
nAChR function by making point mutations in the functional consequence using in vitro or
in vivo models will help identify the structure-activity changes resulting from these changes.

Recently, Wessel et al. resequenced 10 nAChR subunit genes and found a significant
association between rare variants in CHRNA4 and FTND score (44). However, due to the
small sample size in that study (N=430), they observed a total of only 21 rare variants,
including 5 nonsynonymous rare variants in CHRNA4. Because they were unable to perform
more detailed analyses on nonsynonymous variants, the results of their study were not
conclusive. In contrast, we used a two stage case-control design. When results from the two
stages were combined, a total of 169 rare variants of 59 types were observed in exon 5.
Among them, we found a total of 63 nonsynonymous rare variants of 27 types. This sample
size proved to be adequate to provide significant evidence that functional nonsynonymous
rare variants located in the cytoplasmic loop of the α4 subunit play a protective role in ND,
especially in the AA population.

Among the 20 types of missense rare variants we detected in the exon 5 cytoplasmic loop
region, 12 were observed only once (MAF=0.025%), with the most frequent missense rare
variants having an MAF of 0.25%. Although the joint analysis of all rare variants provided
sufficient power to detect differences between ND cases and controls, this approach assumes
the same direction of effect (protective, deleterious or neutral) for all of the variants on ND
risk, otherwise it could adversely affect power (45). To address this concern, we conducted a
bioinformatic analysis to predict the effect of each nonsynonymous rare variant on protein
function. This analysis suggested that eight of the 20 types of rare variants were predicted to
be damaging to α4 subunit function. Restricting the comparisons to the aggregate effect of
these eight variants confirmed the results of the analysis of all 20 nonsynonymous rare
variants.

Even though the proportion of nonsynonymous variants in the exon 5 cytoplasmic region did
not differ significantly between EA ND cases and comparison subjects, we identified a
missense rare variant, p.Pro451Leu, that was significantly more frequent in controls and
may have a protective effect with respect to ND risk in that population. p.Pro451Leu is
predicted by PolyPhen to be damaging, and was exclusively observed in EA subjects. In the
discovery sample, this variant was found in 3 controls and 1 case; in the test sample, it was
observed in 5 comparison subjects and 1 case. The difference is marginally significant (FET
p=0.05).

A characteristic of our sample is a high level of comorbidity with other kinds of substance
dependence and ND, a consequence of our recruitment methods and also of our detailed
phenotypic assessment protocol. Notwithstanding this fact, we note that we have replicated
ND findings first reported by other groups (for example, regarding the CHRNA3/A5/B4 gene
cluster (46)), and our findings have been replicated by others (for example, ANKK1/TTC12
((47-49)). This holds not only for association findings, but for linkage findings as well.
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Thus, existing evidence supports our hypothesis that ND in this sample is similar to ND in
other samples. Of the 33 subjects from the comparison group who carried missense rare
variants in the exon 5 cytoplasmic loop region (two of whom had double missense rare
variants at different loci), two were alcohol dependent, and one was cocaine dependent. All
of the other individuals were healthy, with no psychiatric disorders or substance
dependence. All ND cases who carried missense rare variants in the cytoplasmic loop region
were comorbid with alcohol, cocaine or opioid dependence.

In conclusion, we observed that ND cases had significantly fewer rare nonsynonymous
variants in the cytoplasmic loop of the α4 nAChR subunit than comparison subjects,
especially among AAs. We hypothesize that these rare variants have protective effects
against ND. Further genetic and functional studies are needed to test this hypothesis.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Locations of CHRNA4 rare variants identified in the discovery and the test samples.
(A) Schematic genomic structure of CHRNA4 spanning 17 Kb and 6 coding exons (dark
boxes). Red arrows point to the identified rare nonsynonymous variants in the discovery
samples; green arrows point to the identified rare synonymous variants in the discovery
samples. The bars on the top show the PCR products. The dark grey region covering exon 5
was sequenced in the test samples.
(B) Schematic depiction of the α4 nAChR subunit. Exon 5 was sequenced in the test
samples, which encodes 114 amino acids of the extracellular domain, all of the first three
transmembrane domains, and 256 amino acids of the cytoplasmic loop. Amino acids
encoded by the gene regions not sequenced in the test stage are depicted in light grey. Red
dots represent the amino acids affected by rare nonsynonymous variants identified in the test
samples; green dots are those affected by rare synonymous variants identified in the test
samples.
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Figure 2.
Rare variants found in the test samples, showing the locations of the rare variants and the
distributions among cases and controls.
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Figure 3.
SPECT scans using 123-labeled 5-iodo-A-85380 ([123I]5-IA) for two nonsmoking rare
variant carriers (S1 with a nonsynonymous rare variant and S2 with two synonymous
variants) compared to their age-matched nonsmoking controls.
(A) α4β2 nAChR availability (VT/fP) in cortical regions (average of parietal, frontal, anterior
cingulate, temporal and occipital cortices), striatum (average of caudate and putamen) and
cerebellum in S1 and S2 compared to age-matched controls (CON).
(B) Parametric images (α4β2 nAChR availability, VT/fP) of S1, a 30-year-old female healthy
nonsmoker and an age- and sex-matched control). The color bar shows corresponding VT/fP
values.
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