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Abstract 
Although preclinical studies clearly indicate an effect of 5-HTTLPR genotype on 5-HT trans- 
porter (5-HTT) expression, studies in humans provided inconclusive results, hypothetically due 
to environmental factors and differences in individual behavior. For example, nicotine and 
other constituents of tobacco smoke elevate serotonin (5-HT) levels in the brain and may 
thereby cause homeostatic adaptations in 5-HTT availability that moderate effects of 5-HTTLPR 
genotype. To test whether 5-HTT availability in the midbrain is affected by smoking status and 
5-HTTLPR genotype, we pooled data from prior studies on in vivo 5-HTT availability ( BP ND ) mea- 
sured with positron emission tomography (PET) and [ 11 C]DASB. In total, we reanalyzed 5-HTT 
availability in 116 subjects using ANCOVA statistics. ROI analysis revealed that current smokers 
and non-smokers do not differ in midbrain BP ND . Interestingly, smoking status significantly inter- 
acted with 5-HTTLPR genotype: active smoking was associated with reduced 5-HTT availability 
only in LL subjects but not in carriers of the S-allele. From the perspective of genotype effects, 
non-smokers showed the expected association with 5-HTTLPR, i.e. higher 5-HTT availability in 
LL subjects compared to carriers of the S-allele, whereas this pattern was actually reversed for 
active smokers. Our study indicates that smoking status moderates the association of 5-HTTLPR 
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genotype and 5-HTT expression, which may help to explain inconsistent findings in previous 
studies. Regarding the mechanism, we suggest that smoking may induce epigenetic processes 
such as methylation of SLC6A4, which can differ depending on its genetic constitution. 
© 2018 Elsevier B.V. and ECNP. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Smoking was the second leading risk factor for early death
and disability worldwide in 2015 ( GBD 2015 Risk Factors
Collaborators, 2016 ). Cigarette smokers die about 10 years
younger than non-smokers ( Doll et al., 2004 ), and although
mostly well aware of the detrimental consequences, smok-
ers frequently fail to quit. Several lines of evidence indicate
that nicotine’s ability to affect emotionality may be criti-
cal for the understanding of mechanisms promoting nicotine
use: Studies indicate that nicotine has anxiolytic, mood en-
hancing and stress dampening effects (reviewed in Picciotto
et al., 2002 ), and even seems to reduce risk for recur-
rence of major depression ( Glassman et al., 2001 ), suggest-
ing one major motivation to smoke is to regulate emotional
states. These effects might at least in part be mediated by
serotonergic neurotransmission, which affects a wide range
of behaviors from food intake and reproductive activity to
sensory processing, motor activity, cognition and emotion
( Canli and Lesch, 2007; Heinz et al., 2011 ). And indeed, sev-
eral lines of evidence indicate that the emotional effects of
smoking might at least in part be due to its effects on sero-
tonin (5-HT) neurotransmission: Tobacco smoke and nico-
tine enhance 5-HT neurotransmission by inhibition of 5-HT
reuptake ( Rausch et al., 1989 ), stimulation of 5-HT release
( Rausch et al., 1989; Ribeiro et al., 1993 ) and inhibition of
MAO-A activity ( Fowler et al., 1996 ). Further evidence for
enhanced 5-HT neurotransmission in smokers is provided by
a study that used auditory stimulus processing to assess cor-
tical effects of serotonergic inputs ( Gallinat et al., 2005 ). 

5-HT neurotransmission is regulated by presynaptic 5-HT
transporters (5-HTT), which remove 5-HT from the synapse.
To compensate for increased 5-HT neurotransmission in
the smoker’s brain, the density of 5-HTTs might be up-
regulated, as indicated by some studies that investigated
the effect of smoking on in vivo 5-HTT availability in hu-
mans: Using Single Photon Emission Computed Tomography
(SPECT), Staley et al. (2001) reported that brainstem [ 123 I] β-
CIT uptake was modestly (10%) higher in male (but not
female) smokers compared to non-smokers. A comparable
sex x smoking interaction was also reported for the dien-
cephalon ( Ruhe et al., 2009 ). In a study on the effects of
acute alcohol withdrawal, the Yale group reported a signif-
icant interaction between heavy alcohol use and smoking
status when assessing 5-HT transporter availability in both
the diencephalon and brainstem ( Cosgrove et al., 2009 ).
Specifically, smoking compared to non-smoking was associ-
ated with greater 5-HTT availability in drinkers, whereas 5-
HTT availability was not affected by smoking status in con-
trols. Nevertheless, these pioneer studies have some limita-
tions: 

First, the SPECT radioligand [ 123 I] β-CIT lacks pharmaco-
logical specificity and binds to both DA and 5-HT trans-
porters, thereby complicating ROI measurements in brain
regions where both transporters are localized ( Heinz et al.,
2004 ). Moreover, the poor spatial resolution of SPECT limits
the distinction of brainstem nuclei such as the substantia
nigra from the dorsal raphe ( van Dyck et al., 2004 ). Thus,
brainstem binding of [ 123 I] β-CIT does not allow to measure
5-HTT availability with high selectivity. 

Second, [ 123 I] β-CIT competes with endogenous serotonin
for 5-HTT binding ( Heinz et al., 2004 ). Thus, individual dif-
ferences in synaptic serotonin release and turnover can in-
teract with [ 123 I] β-CIT and higher in vivo availability of 5-
HTT might be due to increased density of 5-HTT or de-
creased 5-HT levels in the synaptic cleft. Indeed, a study
that investigated the association of BMI with 5-HTT expres-
sion using [ 11 C]DASB, a radioligand not displaced by endoge-
nous serotonin ( Hummerich et al., 2004 ) did not find any dif-
ferences between smokers and non-smokers ( Erritzoe et al.,
2010 ). 

Third, variations of the promoter region of the 5-HTT
gene (5-HTTLPR) have not been accounted for, although 5-
HTTLPR affects 5-HTT expression and function as shown by
in vitro studies ( Lesch et al., 1996; Hu et al., 2006 ). In line
with this hypothesis, some SPECT and Positron Emission To-
mography (PET) studies observed reduced 5-HTT availability
in human carriers of the S-allele of 5-HTTLPR ( Heinz et al.,
2000; Reimold et al., 2007a; Praschak-Rieder et al., 2007;
Kalbitzer et al., 2010 ). However, other PET and SPECT stud-
ies failed to report an association between 5-HTTLPR and
in vitro 5-HTT availability ( Jacobsen et al., 2000; Willeit
et al., 2001; Shioe et al., 2003; Parsey et al., 2006; Murthy
et al., 2010 ). These inconsistencies may reflect that beyond
the genetic impact, 5-HTT levels are affected by numer-
ous additional factors, including environmental influences
like daylight ( Praschak-Rieder et al., 2008; Kalbitzer et al.,
2010 ) and stress hormone regulation ( Reimold et al., 2011 ).

Lastly, Heinz et al. (2000) reported a drug x geno-
type interaction and observed increased 5-HTT brainstem
availability in homozygous healthy carriers of the L-allele,
while alcohol-dependent subjects carrying this genotype
displayed reduced 5-HTT availability in the brainstem.
Among carriers of the S-allele, 5-HTT availability did not
differ between control and alcoholic subjects. A recent re-
port of our group found a similar interaction of smoking sta-
tus with 5-HTTLPR genotype ( Kobiella et al., 2011 ): Here,
smoking compared to non-smoking LL individuals showed re-
duced availability, whereas smoking was not associated with
5-HTT availability in carriers of the S-allele. 

Therefore, we wanted to further explore the hypothesis
that smoking effects on 5-HTT availability are modulated by
serotonin transporter genotype. For this investigation, we
pooled data from prior studies of our group on in vivo 5-
HTT availability ( BP ND ) measured with PET and [ 11 C]DASB, a
highly selective 5-HTT ligand that is not affected by endoge-
nous serotonin levels ( Hummerich et al., 2004 ), and reana-
lyzed data of 116 participants. 
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Table 1 Sample characteristics. 

Non-smokers Smokers Total P 
( N = 64) ( N = 52) ( N = 116) 

Sex (females) 28 (44%) 21 (40%) 49 (42%) 0.715 1 

Age (years) 43 ± 9 42 ± 8 43 ± 9 0.574 2 

Genotype 5-HTTLPR (LL) 22 (34%) 15 (29%) 37 (32%) 0.525 1 

Groups 
Controls 40 (63%) 35 (67%) 75 (65%) 0.013 1 

Alcohol dependence 5 (8%) 12 (23%) 17 (15%) 
OCD 12 (19%) 2 (4%) 14 (12%) 
Depression 7 (11%) 3 (6%) 10 (9%) 

OCD = obsessive-compulsive disorder 
1 χ ² Test; 
2 T -Test; 
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PET measurement started 
. Experimental procedures 

.1. Subjects 

n this study, we reanalyzed data of subjects that underwent
 

11 C]DASB PET in former research projects of our group and that
ere published in five prior reports ( Reimold et al., 2007a; 2007b;
008; 2011; Kobiella et al., 2011 ). In total, 116 volunteers were in-
luded in this re-analysis (mean ± SD age: 43.0 ± 8.7 years; 49 of
hem females); 52 of these probands were current smokers and
4 were non-smokers (48 subjects who never smoked and 16 who
topped smoking at least 12 months before scanning). 
Among these probands, 75 were healthy volunteers without 

ny psychiatric axis I or II disorder (SCID I & II-interview; First
t al., 1997; 2001 ), 17 were alcohol dependent, 14 suffered from
bsessive-compulsive disorder (OCD) and 10 had a diagnosis of 
cute major depression according to ICD-10 and DSM-IV. OCD pa-
ients and patients with major depression or alcohol dependence 
ad no other psychiatric axis I disorder and no history of drug de-
endence (except alcohol for the respective patients) or current 
rug abuse (random urine drug testing and SCID-interview; First 
t al., 2001 ) except for nicotine. Alcohol dependent patients were
bstinent from alcohol for at least 10 days and less than 30 days.
ome patients received prior treatment with various antidepres- 
ants or medication for alcohol withdrawal, but as controls, were
ree of any psychotropic medication for at least 7 days and five
alf-lives of the respective drug prior to the PET scan. Participants
ith neurological disorders, liver or kidney disease, or immune de-
ciency were excluded. 
Diagnostic groups were differently distributed between non- 

mokers and smokers ( χ ²= 10.8, df = 3; p = 0.013, compare
able 1 ). As expected, alcohol dependence was more frequent in
urrent smokers than in non-smokers (23% vs. 8%), whereas OCD
as most frequent in non-smokers compared to in current smokers
19% vs. 4%). Neither age (t = 0.564; df = 114; p = 0.574) nor sex
 χ ²= 0.133; df = 1; p = 0.715) differed between smoker groups. 
Urine and breath testing was performed to exclude current alco-

ol or drug consumption except for tobacco use. The studies were
pproved by the Ethics Committees of the University of Heidelberg
nd Tübingen and were in accordance with the Helsinki Declaration.
nformed written consent was obtained from all participants. 

.2. Genetic constitution of the 5-HTT promoter 

NA was isolated from whole blood by standard techniques. 
-HTTLPR variants were determined with PCR techniques. PCR 
mplification of 5-HTTLPR was as follows: in a total vol-
me of 20 μl, ∼25 ng of genomic DNA was amplified
ith the primers as reported previously ( Wendland et al.,
006 ): forward 5 ′ -TCCTCCGCTTTGGCGCCTCTTCC-3 ′ and reverse 5 ′ -
GGGGGTTGCAGGGGAGATCCTG-3 ′ , in the presence of 1 ×Promega 
CR Master Mix (Promega Corporation, Madison, WI, USA), without
ultiplexing. PCR conditions were: 5 min at 95 °C, followed by 35
ycles of 30 s at 95 °C, 90 s at 70 °C, 60 s at 72 °C, and a final
xtension of 10 min at 72 °C. Detection of rs25531 by restriction
igest was performed as follows: 20 μl PCR product was digested
ith 10 Units HpaII (New England BioLabs, Ipswich, MA, USA) for 4 h
t 37 °C. Samples were run on 3% agarose gel and precast stained
ith GelRed (Biotium, Hayward, CA, USA). To score the genotypes,
ndigested and digested PCR products of the same sample were run
n adjacent lanes as described previously ( Wendland et al., 2006 ).
enotyping revealed that 37 subjects were homozygous for the high
ranscribing L allele (LL), 79 subjects were carriers of at least one
ow transcribing S allele (SL/SS). Genotype distribution did not dif-
er significantly smoking groups ( χ ²= 1.267, df = 2; p = 0.531, com-
are Table 1 ). 

.3. PET methods 

 

11 C]DASB synthesis, image reconstruction and processing and ROI
nalysis including kinetic modeling have been described previously
 Reimold et al., 2007a; Kobiella et al., 2011 ). In brief, after intra-
enous bolus injection of 20 mCi [ 11 C]DASB, cerebral radioactiv-
ty distribution was measured over 90 min using a GE Advance PET
canner (GE Medical Systems, Milwaukee, WI, USA). Images were
ealigned and stereotactically normalized with Matlab (Version 7, 
athWorks, Sherborn, MA, USA) and SPM2 (Wellcome Department
f Imaging Neuroscience). The midbrain region of interest had been
reated by applying an isocontour threshold of BP ND 2.5 to a group
f healthy subjects to allow for a robust quantification of the most
art of serotonergic transporters in the brainstem. It is primarily
ocated in the midbrain, but also contains adjacent parts of the
ons and, particularly, includes in large part the raphe. The ROI for
halamus, putamen, amygdala and cerebellum (reference tissue) 
ad been defined manually in Montreal Neurological Institute (MNI)
pace upon anatomical criteria. 5-HTT availability BP ND = k 3 /k 4, a
easure proportional to the concentration of binding sites ( Innis
t al., 2007 ) was calculated with the multilinear reference tissue
odel 2 ( Ichise et al., 2003 ). The methodology was the same for all
atients. 
All smoking participants were allowed to smoke ad libitum till

tart of the PET measurement, and in fact all smoking participants
id so. Thus, smokers were abstinent for about 30 min when the
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Table 2 Effects of smoking status and 5-HTTLPR genotype on midbrain 5-HTT availability. 

Source df F p Partial η²

Corrected model 3 2.757 0.046 0.069 
Intercept 1 1793.389 0.000 0.941 
5-HTTLPR (LL vs. SS/SL) 1 0.002 0.965 0.000 
Smoking status (non-smoker, smoker) 1 1.875 0.174 0.016 
5-HTTLPR ∗ smoking status 1 7.917 0.006 0.066 
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Fig. 1 Effects of smoking status and 5-HTTLPR genotype on 
midbrain 5-HTT availability. 
5HTT availability in non-smoking LL participants ( n = 22) was 
M = 2.82, SD = 0.66 and M = 2.48, SD = 0.54 compared to non- 
smoking S carriers ( n = 42), i.e. 14% higher. 5HTT availability in 
smoking LL participants ( n = 15) was M = 2.32, SD = 0.63 com- 
pared to M = 2.65, SD = 0.62 in smoking S carriers ( n = 37), i.e. 
13% lower. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4. Statistical analysis 

Statistical analyses were calculated with SPSS 23.0 for Windows
(IBM Corp, Armonk, NY, USA). 5-HTT availability (absolute BP ND val-
ues) in the midbrain VOI as measured with [ 11 C]DASB PET was the
dependent variable of interest for all analyses. ANCOVA was con-
ducted to test the hypothesis that both smoking and 5-HTTLPR LL
genotype are associated with increased 5-HTT availability and to
test possible interactions between these two factors. To control
for effects of potentially confounding variables, we conducted four
further ANOVAs, including age and gender as additional covariates,
examining healthy controls only and finally also including duration
of daylight as a potential confounder ( Kalbitzer et al., 2010 ) in the
full sample. 

3. Results 

ANOVA statistics with smoking status and genotype as
factors explained a significant amount of inter-individual
variance in midbrain 5-HTT availability (F = 2.757; df = 3;
p = 0.046; η²= 6.9%, see Table 2 ). This model neither re-
vealed a significant impact of smoking status nor geno-
type (SS/SL < LL), however, the interaction between smok-
ing status and genotype was substantially associated with
5-HTT availability (cf. Fig. 1 ): Smokers compared to non-
smokers showed lower 5-HTT availability in the midbrain
only when being homozygous for the L-allele (18% lower;
F = 6.358; df = 1; p = 0.013; η²= 5.4%), while carriers of the
5-HTTLPR S-allele displayed no significant association be-
tween 5-HTT availability and smoking status (7% higher in
smokers; F = 1.672; df = 1; p = 0.199; η²= 1.5%). 

From the perspective of 5-HTTLPR genotype, our data
indicate that non-smokers show the expected associa-
tion between 5-HTT availability and genotype, i.e. higher
5-HTT availability in LL subjects than in carriers of the S-
allele (14% higher; F = 4.803; df = 1; p = 0.030; η²= 4.1%),
whereas the pattern was actually reversed for active smok-
ers (13% lower in LL subjects; F = 3.336; df = 1; p = 0.070;
η²= 2.9%). 

To cross-validate the finding of differential effects of
smoking status on 5-HTT availability depending on 5-HTTLPR
genotype, we computed four additional ANOVA models con-
trolling for possible confounds by age, sex, disorder group,
or duration of daylight. In the first ANCOVA we included age
and sex. As in the simple 2 × 2 design, smoking status and 5-
HTTLPR genotype per se did not explain a significant amount
of variance in 5-HTT availability, while the interaction of
both factors remained significant ( p = 0.006; η²= 6.6%). In a
second step, to exclude confounding due to the heterogene-
ity in the total sample of 116 participants, we computed an
ANCOVA containing age, sex and group, as well as a 2 × 2
ANOVA restricted to healthy controls only. Again, in both
analyses, smoking status and genotype per se did not explain
a significant amount of variance in 5-HTT availability, while
the interaction of both factors did ( p = 0.011; η²= 5.9% for
all participants, and p = 0.008; η²= 9.5% for healthy con-
trols only, cf. Supplementary Material Table S1 and Fig. S1).
In a final step we conducted an ANCOVA with smoking sta-
tus, genotype and duration of daylight to control for pos-
sible seasonal effects on midbrain 5-HTT availability. Once
again, smoking status and genotype per se did not explain
a significant amount of variance in 5-HTT availability, while
the interaction of both factors did ( p = 0.030; η²= 4.2%). 

We also conducted exploratory analyses of ROIs in the
thalamus and the striatum (compare Supplementary Mate-
rial Tables S2/3 and Figs. S2/3). While we were able to
replicate the statistical interaction between smoking and
genotype in the thalamus at a trend level (F = 3.250, df = 1,
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 = 0.074), we did not find it in the putamen (F = 1.089,
f = 1, p = 0.299). 

. Discussion 

he main finding of our study is that non-smoking carriers
f the 5-HTTLPR S allele compared to those homozygous for
he L allele show the expected decrease in vivo availability
f 5-HTT in the midbrain, whereas current smokers display 
 numerically reversed pattern but no significant genotype 
ifferences. Availability of 5-HTT in this study was measured 
ith the radioligand [ 11 C]DASB, which binds selectively to 
-HTT and whose 5-HTT binding is not altered by changes 
n endogenous serotonin ( Hummerich et al., 2004 ), suggest- 
ng that smoking status moderates the association between 
enotype and in vivo expression of 5-HTT in the midbrain.
hus, depending on the ratio of smokers and non-smokers 
n a sample, results regarding the association of 5-HTTLPR 
ith 5-HT expression should differ, which may be one reason 
or inconsistent findings in previous studies. 
Regarding a possible main effect of smoking, we were 

ot able to replicate a general increase in 5-HTT availabil-
ty in smokers as measured with [ 123 I] β-CIT SPECT ( Staley
t al., 2001 ). In fact, when pooling over genotypes, smokers
howed numerically even lower [ 11 C]DASB binding in mid- 
rain than non-smokers. Indeed, our null finding is in ac- 
ordance with the study of Erritzoe and coworkers (2010) 
hat used the same radioligand ([ 11 C]DASB). This may be 
ue to differences in radioligand competition with endoge- 
ous serotonin, which was described for [ 123 I] β-CIT but not
 

11 C]DASB ( Heinz et al., 2004; Hummerich et al., 2004 ).
hus, although smoking is thought to enhance 5-HT neuro- 
ransmission (for a review see Olausson et al., 2002; Galli- 
at et al., 2005 ) by stimulating 5-HT release ( Rausch et al.,
989; Ribeiro et al., 1993 ), inhibiting its reuptake ( Rausch
t al., 1989 ) and decreasing MAO-A activity ( Fowler et al.,
996 ), smoking per se does not appear to substantially af-
ect 5-HTT expression in general. Likewise, smoking was 
lso not associated with neural availability of 5-HT 2A recep- 
ors as measured with [ 18 F]altanserin PET ( Erritzoe et al.,
009 ). 
Our key finding is an interaction between smoking sta- 

us and 5-HTTLPR genotype, which was driven by differen- 
ial effects of smoking depending on genotype: Specifically, 
n association of active smoking with reduced 5-HTT avail- 
bility in the midbrain was limited to LL subjects, whereas 
moking did not modulate 5-HTT availability in carriers of 
he S-allele. This finding resembles the pattern of genotype 
 alcohol interaction found in detoxified alcohol-dependent 
atients and healthy controls ( Heinz et al., 2000 ). Our find-
ngs thus confirm early reports of lower 5-HTT expression 
nd function in S-allele versus LL carriers ( Lesch et al.,
996; Heinz et al., 2000; Reimold et al., 2007a ) but limit this
bservation to non-smokers only. The lower expression of 
erotonin transporters in smoking subjects with the 5-HTLPR 
L genotype was first described by Kobiella et al. (2011) in
 subsample of 54 subjects also included in our new study
ith a much larger sample size ( n = 116). Reasons for such
enotype-specific interactions are unknown but may include 
-HTTLPR effects on smoking behavior and neuroprotective 
actors including BDNF ( Ohmoto et al., 2013; Chou et al.,
013 ). A previous study found a similar interaction between
-HTTLPR genotype and alcohol dependence ( Heinz et al.,
000 ). The authors hypothesized that a specific susceptibil-
ty towards neurotoxic effects of excessive alcohol use in in-
ividuals homozygous for the L allele may result in reduced
-HT neurotransmission and consecutive down-regulation of 
ransporters. Because smoking rates in alcohol dependent 
ubjects are 3- to 4-fold higher than in controls, the interac-
ion observed in the former study may have been primarily
ue to smoking and not to drinking. In any case, the under-
ying neuro-pharmacological mechanisms remain unknown 
nd deserve further elucidation. 
One possible mechanism to be studied is that 5-HTTLPR

enotype-associated smoking behavior ( Ohmoto et al., 
013 ) induces epigenetic mechanisms (review in Alegria- 
orres et al., 2011 ), which might interact with the effect
f 5-HTTLPR on 5-HTT expression. Indeed, epigenetic re- 
earch elucidated that SLC6A4 mRNA transcription, i.e. ex- 
ression of 5-HTT, is regulated by both genetic and epige-
etic mechanisms ( Philibert et al., 2008 ). In this context,
ethylation of the CpG island of SLC6A4 was significantly
ssociated with mRNA production, and increased amounts 
f methylation at these residues were associated with de-
reased mRNA transcription ( Philibert et al., 2008 ). Impor-
antly, methylation state of CpG islands of SLC6A4 assessed 
n monocytes and T cells from peripheral blood was also
ound to be associated with lower in vivo 5-HT synthesis
n the orbitofrontal cortex as measured with [ 11 C]AMT PET
 Wang et al., 2012 ) as well as with higher depression scores
assessed with the BDI) in a large sample of monozygotic
win pairs ( Zhao et al., 2013 ). Thus, epigenetic research
ndicates substantial neurochemical and behavioral effects 
f the methylation state of SLC6A4 . To our knowledge, to
ate no study explicitly investigated the effect of smoking 
n methylation of SLC6A4 , however, some reports indicate
trong effects of smoking on methylation of various genes 
 Alegria-Torres et al., 2011 ). Of interest, smokers showed
ower methylation of the promoter of the MAOA gene com-
ared to non-smokers ( Philibert et al., 2010 ), and methyla-
ion state was found to be associated with MAO-A activity in
he brain as measured by [ 11 C]clorgyline PET ( Shumay et al.,
012 ). Since MAO-A catabolizes 5-HT, smoking might thus
lter 5-HT neurotransmission and 5-HTTLPR expression in- 
irectly via epigenetic mechanisms. Therefore, we suggest 
o test whether smoking affects methylation of SLC6A4, and
o investigate how methylation of SLC6A4 and MAOA affect
-HTT expression in vivo. Moreover, to explain the observed
nteraction between smoking status and 5-HTTLPR, differ- 
ntial effects of genotype on methylation of SLC6A4 remain
o be explored. Recent investigations indeed reported that 
ffects of psychosocial stressors on methylation state of 
LC6A4 are moderated by 5-HTTLPR genotype ( Vijayendran 
t al., 2012; Beach et al., 2014 ). 
In summary, our study indicates that the association of

ctive smoking with reduced midbrain availability of 5-HTT 
s limited to 5HTTLPR LL subjects, whereas smoking does 
ot significantly modulate 5-HTT availability in carriers of 
he S-allele. Thereby, active smokers showed a reversed 
attern regarding the effects of 5-HTTLPR, i.e. numerically 
ower 5-HTT availability in LL subjects compared to carri-
rs of the S-allele, whereas non-smokers showed the ex-
ected pattern of significantly higher 5-HTT expression in 
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LL- versus S-carriers. To elucidate the mechanisms by which
smoking moderates the association of 5-HTTLPR genotype
and 5-HTT expression, further research should investigate
the effects of 5-HTTLPR on smoking patterns, their respec-
tive effects on epigenetic mechanisms regulating SLC6A4
expression, and their interaction with variation in this gene.
A better understanding of the complex interplay between
genetic variation and epigenetic processes as well as indi-
viduals’ behavior might help to elucidate the mechanisms
that underlie the pivotal role of the 5-HT system for mood,
cognition and mental health ( Caspi et al., 2010; Heinz et al.,
2011; Lesch and Waider 2012 ). 
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