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bstract

Recent evidence suggests that a synonymous polymorphism within the COMT gene (rs4818 C/G) accounts for a greater variation of COMT
ctivity compared to the functional Val158Met polymorphism. This is the first study on the effects of the rs4818 C/G polymorphism on cognition.
ne hundred and seven healthy males were tested with the Stockings of Cambridge (SoC) and the Iowa Gambling Task (IGT) and then grouped

ccording to their COMT rs4818 C/G status into three groups (G/G, C/G, C/C). ANOVAs showed that C/C individuals had the best performance
n the SoC, G/G the worse, while C/G were intermediate. G/G individuals had strikingly better performance in the IGT compared to the other
wo groups and their performances in the two tasks were inversely related. These results show that the rs4818 C/G polymorphism imparts strong

nd differential effects on PFC functions. Low prefrontal dopamine levels are disadvantageous for planning in non-emotional problem solving but
ead to optimal effects in emotionally informed decision-making. While high prefrontal dopamine levels may be advantageous for non-emotional
roblem solving, they lead to disadvantageous choices when decision-making depends on processing of emotional feedback.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

The catechol-O-methyltransferase (COMT) enzyme pro-
ides the main mechanism for degradation of released dopamine
DA) in the prefrontal cortex (PFC) (Lewis et al., 2001; Mazei,
luto, Kirkbride, & Pehek, 2002; Moron, Brockington, Wise,
ocha, & Hope, 2002). A common functional polymorphism in
odon 158 (Val158Met) of the COMT gene, leading to an amino
cid substitution (valine [Val] to methionine [Met]) results in the
et/Met variant showing 40% less enzymatic activity than the

al/Val and thus, in higher PFC DA levels (Chen et al., 2004;
otta et al., 1995; Mannisto & Kaakkola, 1999). This COMT
olymorphism determines basal DA neurotransmission levels

nd its effect on cognition has been examined in relation to exec-
tive function tests where Met/Met perform better than Val/Val
omozygotes with Val/Met individuals being intermediate (Egan
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t al., 2001; Goldberg et al., 2003; Malhotra et al., 2002; Mattay
t al., 2003; Tunbridge, Harrison, & Weinberger, 2006). How-
ver, this is a small effect (Barnett, Jones, Robbins, & Muller,
007) and in some studies, the observed association between
ognitive performance and the Met allele (low enzyme activity)
s relatively modest (Bilder, Volavka, Lachman, & Grace, 2004;
oober et al., 2002) or absent (Tsai et al., 2003; Smyrnis et al.,
007; Stefanis et al., 2004).

The COMT Val158Met polymorphism forms a haploblock
ith SNPs rs6269, rs4633 and rs4818, which is located in

he central locus of the COMT gene (Diatchenko et al., 2005;
ackley et al., 2006). Three major haplotypes [low pain sen-

itivity (LPS), average pain sensitivity (APS) and high pain
ensitivity (HPS)] encompassed almost 96% of the examined
enotypes, with the LPS haplotype being associated with the
ighest, the HPS with the lowest and the APS with intermedi-
te enzyme activity. The difference between the HPS and LPS

aplotypes in expressed COMT activity is reported to be >18-
old (Nackley et al., 2006). Both the HPS and LPS haplotypes
ossess the allele that codes for the most stable Val variant, and
herefore, the Val158Met polymorphism alone cannot account

mailto:pbitsios@med.uoc.gr
dx.doi.org/10.1016/j.neuropsychologia.2007.10.009
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or the observed variation in COMT activity. On the other hand,
he rs4818 C/G polymorphism seems to account for a greater
ariation of the COMT activity compared to the Val158Met
olymorphism, since the low expressed enzyme activity hap-
otypes [HPS and APS] contain the C allele, while the LPS
aplotype, which corresponds to highest COMT activity, con-
ains the G allele of the rs4818 polymorphism (Diatchenko et
l., 2005).

This is the first study on the effects of the COMT rs4818 C/G
olymorphism on cognitive function. We hypothesized that the
[lowest enzyme activity–highest PFC DA levels] and G [high-

st enzyme activity–lowest PFC DA levels] alleles of the rs4818,
ill impact on PFC-dependent cognitive tasks in a way similar to

hat of the Met and Val alleles of the Val158Met polymorphism,
espectively. To test this hypothesis, we examined the effect of
he rs4818 C/G polymorphism on two PFC-dependent tasks: (a)
he Stockings of Cambridge (SoC) from the CANTAB, which is
planning and problem solving task (Owen, Downes, Sahakian,
olkey, & Robbins, 1990; Owen, Sahakian, Semple, Polkey, &
obbins, 1995) and (b) the Iowa Gambling Task (IGT), where
lanning depends on emotional processing and integration of
ncentive information for decision-making (Bechara, Damasio,
ranel, & Anderson, 1998). In agreement with evidence from
et/Met and Val/Val individuals (de Frias et al., 2005), we pre-

icted that in the SoC, C/C individuals would perform better
han the homozygotes for the G allele, with C/G heterozy-
otes falling in the middle. The effect of basal PFC DA levels
n cognition has not been examined previously in relation to
he IGT.

. Methods

.1. Subjects

The study was approved by the Ethics Committee of the University of Crete.
ll participants gave written informed consent before screening. Inclusion cri-

eria included right-handedness, absence of personal history of head trauma,
edical and neurological conditions, or use of prescribed and recreational drugs;

bsence of personal or family (up to second-degree relatives) history of DSM-IV
xis I disorders. We restricted the study population to males only, in order to
void the regulatory effect on the expressed activity of the COMT enzyme by
he circulatory estrogens in women (Salama et al., 2006).

One hundred and seven unrelated Greek/central European descend healthy
ales aged 18–35 years (mean ± S.D., 26.3 ± 4.1) entered the study. All under-
ent IQ testing with the Raven’s progressive matrices, psychiatric assessment
sing the Mini-International Neuropsychiatric Interview (Sheehan et al., 1998)
nd physical assessment including a urine toxicology screening. Participants
ere seen and assessed on a single occasion.

.2. Genotyping

DNA was extracted from blood and analyzed for rs4818 poly-
orphism with polymerase chain reaction (PCR), using forward, 5′-
ATCCAAGTTCCCCTCTCTC-3′ and reverse, 5′-TTTTTCCAGGTCTGA-
AACG-3′ followed by digestion with BclI. Details are available on request.
.3. Cognitive assessment

The Stockings of Cambridge (SoC) is a modified, computerized version of
he Tower of London (Owen et al., 1990, 1995). Subjects are asked to compare
wo different arrangements of “balls” in “socks” (one presented on the top half
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f the screen, the other on the bottom) and rearrange, in the minimum possi-
le number of moves, the balls in the lower half of the screen such that their
ositions match the target arrangement in the upper half. The test presents the
ubject with easy 2- and 3-move and harder 4- and 5-move problems. Subjects
re asked to plan the complete sequence of moves required to solve the prob-
em prior to their first move. Initial Thinking Time (ITT) prior to execution of
he first move, Subsequent Thinking Time (STT) for the execution of all subse-
uent moves, Mean Moves required to reach the solution and perfect solutions
problems solved correctly in the minimum possible moves) are recorded. Poor
erformance in this test translates into shorter ITT (less time planning), and/or
onger STT (more time executing the solution) with more Mean Moves and less
erfect solutions.

The Iowa Gambling Task (IGT) is a simulated gambling task adminis-
ered on a computer. Participants are given D 2000 in computer money and
re instructed to lose as little or make as much money as possible by select-
ng cards (one at a time) from four decks (A–D) displayed on their screen.
hey are advised that each card has a different monetary value but no other

nformation is given. However, cards in decks A and B are associated with
igh monetary rewards but also high penalties (monetary loses) while those
n decks C and D have lower rewards but also lower penalties. Participants
earn of the monetary value of each card after they have selected it. Across
00 trials, more choices from the decks C and D lead to a net gain while
hoosing from the other two decks results in greater loss. Scores are (a)
otal money won and (b) the total numbers of cards selected from advanta-
eous decks C and D minus the total numbers of cards selected from (“risky”)
ecks A and B (CD − AB difference), with a higher score indicating superior
erformance.

.4. Statistical analysis

Subjects in the three genotype groups were compared on the demographic,
OC and IGT outcome variables using separate one-way analyses of vari-
nce (ANOVA; three levels) or the equivalent Kruskal–Wallis ANOVA in case
he overall distribution of the score within the group differed from normality
Kolmogorov–Smirnov test of normality). In order to decrease skew and stabi-
ize variances, latency data from the SoC were transformed using logarithmic
ransformations (x = log10y) in preparation for parametric analyses. Significant
ndings were followed-up by pairwise group comparisons using post hoc LSD

ests or the Mann–Whitney test (with Bonferroni correction of the threshold of
tatistical significance) as appropriate. For each genotype group, Pearson’s cor-
elations were calculated for performance in the two planning tasks. Differences
etween correlations in the genotype groups were tested with a normal curve
est based on Fisher’s z-transformation.

. Results

Twenty-eight subjects were homozygous for C/C, 62 were
eterozygous for C/G, and 17 were homozygous for G/G,
distribution consistent with Hardy-Weinberg expectations

χ2 = 3.14, d.f. = 2, p = 0.21). There were no differences in demo-
raphic variables between the three genotype groups (Table 1).
s an additional control to rule out gross stratification effects,
enotyping was also performed for the dopamine receptor D2
aqIA restriction fragment length polymorphism on human
hromosome 11q23 (rs1800497; DRD2A1), dopamine receptor
3 (rs6280; DRD3) Ser9Gly polymorphism (human chromo-

ome 3q13), a 40-bp tandem repeat polymorphism (rs28363170;
AT1) in the 3′ region of the SLC6A3 gene on human
hromosome 5p15, proline dehydrogenase T1945C (rs372055;
RODH) polymorphism on human chromosome 22q11, brain-

erived neurotrophic factor (rs6265; BDNF) Val66Met poly-
orphism on human chromosome 11p13, and dopamine recep-

or D1 (rs4532; DRD1) A-48G polymorphism in the 5′ untrans-
ated region of DRD1 gene on human chromosome 5q35. A con-
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Table 1
Demographic characteristics for each genotype group (mean ± S.D.)

C/C C/G G/G F or χ2 p

Sample size 28 62 17
Age (years)a 25.1 ± 3.8 25.9 ± 3.4 25.5 ± 3.5 2.1 >0.3
Estimated IQ 115.0 ± 12.9 113.8 ± 10.4 113.2 ± 11.7 0.2 >0.9
Education (years)a 16.6 ± 2.0 17.1 ± 2.6 16.9 ± 2.6 0.7 >0.7
Smokers/non-smokersb 13/13 29/33 5/12 2.0 >0.3
Cigarettes/daya 7.4 ± 8.7 7.9 ± 9.5 5.0 ± 9.3 1.6 >0.4

a For this measure, the overall distribution of the score differed from normality, and the equivalent nonparametric Kruskal–Wallis procedure was applied.
b Chi square comparison.
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ig. 1. Mean (trials 2–5) initial thinking times (left), mean (trials 2–5) number o
inimum moves (right) from the SoC test across the three genotype groups. Co

or ITT were performed using the LSD; *p < 0.05. Pairwise group comparisons
ith significance set at p < 0.017; **p < 0.01, †trend: 0.05 > p > 0.017.

ingency table approach (Raymond & Rousset, 1995; Yacubian
t al., 2007) was used to test for differences in the allelic distri-
utions of these additional markers for rs4818 C/C and G/G sub-
ects. This analysis revealed no significant differences at p < 0.05
n allele frequencies for each locus (Table 2). This finding makes
enetic inhomogeneity of the tested population unlikely.
.1. SoC test

There were significant group differences in the number of per-
ect solutions (Kruskal–Wallis χ2 = 10.29, d.f. = 2, p = 0.006),

able 2
est for significant group differences in allele frequencies for each locus when
ividing samples by COMT rs4818 C/G

ocus χ2 (d.f. = 1) p

RD2A1 0.72 0.39
RD3 0.4 0.53
AT1 1.31 0.25
RODH 0.04 0.84
DNF 1.06 0.30
RD1 1.65 0.20
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es required to reach the solution (middle) and problems solved correctly in the
s represent group means and bars represent SEM. Pairwise group comparisons
ean moves and perfect solutions were performed using the Mann–Whitney test

ean number of moves (Kruskal–Wallis χ2 = 7.2, d.f. = 2,
= 0.027) and initial thinking time (F[2,104] = 3.3, p = 0.042).
airwise group comparisons revealed that the G homozygotes
roup had significantly fewer perfect solutions, significantly
reater number of mean moves and shorter initial thinking times
ompared to the other two groups (Fig. 1). The subsequent think-
ng times (mean ± S.D.) were (untransformed): 575.9 ± 138.7
or the C/C, 895.6 ± 165.7 for the C/G and 613.4 ± 104.4 for the
/G group and they did not differ significantly between groups

F[2,104] = 1.5, p > 0.2).

.2. IGT test

There were significant group differences in the total numbers
f cards selected from advantageous decks C and D minus the
otal numbers of cards selected from (“risky”) decks A and B
CD − AB difference scores) (F[2,103] = 9.77, p < 0.001). Pair-
ise group comparisons revealed that the G homozygotes group
elected fewer cards from the “risky” decks A and B compared to
he other two groups (Fig. 2, right panel). There were also signifi-
ant group differences in the total money won (F[2,103] = 3.99,
< 0.02) and pairwise group comparisons revealed that the G
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Fig. 2. Total numbers of cards selected from advantageous decks C and D minus the total numbers of cards selected from the “risky” decks A and B (CD − AB) of
t and bars represent S.E.M. (Left panel) CD − AB difference per block of 20 trials.
( total). Pairwise group comparisons of the collapsed data were performed using post
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Table 3
Pearsons’s correlations between ITT measure from the SoC and total CD − AB
measure from the IGT, in the three genotype groups

Pearsons’s r z p (two-tailed)
he IGT test, across the three genotype groups. Squares represent group means
Right panel) CD − AB difference collapsed across the five blocks (100 trials in
oc LSD tests. ***p < 0.001.

omozygotes group won significantly more money compared to
he other two groups.
.3. Correlations

ITT from the SoC was negatively correlated with perfor-
ance in the IGT in the G/G group only (r = −0.61, d.f. = 17;

ig. 3. Correlation of ITT from the SoC vs. total CD − AB from the IGT, for
/G individuals. ITT, Initial Thinking Time; SoC, Stockings of Cambridge;
otal CD − AB, total advantageous decks (C + D) minus total disadvantageous
ecks (A + B); IGT, Iowa Gambling Task. Lower ITT indicates poorer perfor-
ance in the SoC. Lower Total CD − AB indicates poorer performance in the

GT.

GG (n = 17) −0.61 GG vs. CG: 2.86 0.004
CG (n = 62) 0.14 GG vs. CC: 1.94 0.052
CC (n = 28) −0.06 CG vs. CC: 0.84 0.4
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ormal curve test of the difference is based on Fisher’s z-transform. Abbrevia-
ions as in Fig. 3.

< 0.01) (Fig. 3). There were no other significant correlations
etween performance measures from the two tests in any of the
roups. We compared the correlations between ITT and total
D − AB in the three genotype groups with a normal curve test
ased on Fisher’s z-transform. Data are presented in Table 3.
here was a significant difference between the G/G and the other

wo groups in the correlations between performance in the IGT
nd the SoC.

. Discussion

The COMT rs4818 polymorphism is part of a haploblock
ocated in the central locus of the COMT gene that affects the
xpressed enzyme activity over an 18-fold difference, by modi-
cations in the secondary structure of mRNA, which results in
lterations in mRNA stability (Nackley et al., 2006). While the
ffects of the functional Val158Met polymorphism on cognition
ave been extensively studied, this is the first demonstration in
umans on the effects of the synonymous rs4818 polymorphism
n cognitive performance.
We found that in healthy males COMT rs4818 (C/G) poly-
orphism is differentially associated with performance in two

refrontal tasks. More specifically, we found that in the SoC test,
allele load was associated with shorter initial thinking times,
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ore moves to reach the solution and fewer perfect solutions.
o association was found with subsequent thinking time. These
ndings suggest that participants with the G allele had a diffi-
ulty in planning ahead the solutions and a tendency to act before
plan was fully formed (Owen et al., 1990). Consequently, these
ubjects may need to reassess and even plan new solutions during
xecution of the task, resulting in increased number of moves and
ewer perfect solutions. Fig. 1 shows that C/C individuals had the
est performance in the SoC, G/G the worse, while C/G were
ntermediate. Although the C/C individuals were significantly
etter than both the other two groups, the differences between
he C/G and the G/G groups did not reach statistical significance,
robably due to reduced power. Our findings suggest that the G
llele load is associated with less efficient planning and prob-
em solving ability. However, in the IGT, subjects homozygous
or the G allele had (a) the lowest picks from the risky A and

decks, compared to the C allele loading individuals and (b)
s a result of more advantageous choices, these subjects won
ore money compared to the other two genotype groups. The

nfluence of genotype grouping on the relationship between SoC
nd IGT performance was significant. For subjects homozygous
or the G allele, better performance in the IGT was associated
ith less time spent planning ahead and worse performance in

he SoC as a result. G allele homozygotes differed significantly
n this respect from the other two genotypes. This suggests
hat the inverse relationship between planning and decision-

aking is mediated by a G allele-related mechanism, probably
he low PFC DA levels associated with G allele homozygoc-
ty. Importantly, our findings were obtained in a homogeneous
ohort of healthy male subjects and cannot be attributed to
ifferences in demographic characteristics or genetic inhomo-
eneity, since the genotype groups did not differ in that respect
Tables 1 and 2).

The frequency of the G allele is over 40% in population
f central European descend. Our findings suggest that the

allele homozygotes (low PFC DA levels) compensate for
heir relatively inefficient abstract problem solving abilities,
y better integration of emotional stimuli for decision-making.
his resonates with the notion that Val homozygotes, who
resumably have low PFC DA levels, present with emotional
esilience against anxiety and dysphoric mood (Enoch, Xu,
erro, Harris, & Goldman, 2003). It has been recently shown

hat Met homozygotes, who presumably have higher PFC DA
evels, are less efficient in processing faces displaying neg-
tive emotion (Drabant et al., 2006; Smolka et al., 2005;
eiss et al., 2007). This led to the assumption of a possible

nflexible processing of affective stimuli, resulting in reduced
esilience against negative mood states. The poorer IGT perfor-
ance of the C allele-loading individuals in the present study,

upports this assumption and shows that inefficiency in pro-
essing of emotionally arousing stimuli extends to processing
f emotional feedback, thus affecting emotionally informed
ecision-making. Such disadvantageous decision-making does

ot necessarily result in dysfunctional behavior since all our
ubjects were normal healthy volunteers, with no history or
resence of psychiatric illness. However, such implicit disadvan-
ageous decision-making in the context of critical or chronically

C

logia 46 (2008) 757–763 761

tressful real-life situations may lead to a vicious cycle of
tress, disadvantageous decisions and adverse outcome. This
ay be at least one route to affective disorders and indeed, sus-

eptibility for negative mood and affective disorders has been
stablished for Met/Met individuals (Mynett-Johnson, Murphy,
laffey, Shields, & McKeon, 1998; Ohara, Nagai, Suzuki, &
hara, 1998; Papolos, Veit, Faedda, Saito, & Lachman, 1998).

t has been shown that the COMT gene alone (Jabbi, Kema
t al., 2007) or in combination with polymorphic variations in
enes coding for serotonin transporter and monoamine oxidase

influence the regulation of hypothalamic–pituitary–adrenal
xis response to stress (Jabbi, Korf et al., 2007) with the
et-allele conferring a reduced resilience to psychological

tress. Thus, disadvantageous decision-making could be exac-
rbated by reduced tolerance to stress due to gene–gene interac-
ions.

It is interesting that the COMT rs4818 (C/G) polymorphism
ifferentiates between two tests of planning ability, one of which
nvolves planning based on emotional processing of incen-
ive information for decision-making. It is possible that this
s because the prefrontal neural systems underlying these two
ests may be different. Indeed, functional neuroimaging studies
ave shown that the SoC depends more on the DLPFC (Baker
t al., 1996; Morris, Ahmed, Syed, & Toone, 1993; Newman,
arpenter, Varma, & Just, 2003; Owen et al., 1990; Owen,
oyon, Petrides, & Evans, 1996; Rowe, Owen, Johnsrude, &
assingham, 2001) while the IGT depends more on the ventro-

ateral PFC (VLPFC) and orbitofrontal cortex (OFC) (Bechara
t al., 1998; Collette et al., 2001; Ernst et al., 2002; Fukui, Murai,
ukuyama, Hayashi, & Hanakawa, 2005; Horn, Dolan, Elliott,
eakin, & Woodruff, 2003). Interestingly, the VLPFC was also

mplicated in studies on affective processing of aversive stimuli
nteracting with COMT genotype (Drabant et al., 2006; Smolka
t al., 2005). In the light of the present findings, it would be
nteresting for future fMRI studies to test subjects characterized
or their COMT rs4818 (C/G) status for their performance in
LPFC- and VLPFC-based tasks.
To our knowledge, this is the first study to show that a

ynonymous polymorphism within the COMT gene, that does
ot alter the structure of the COMT protein but impacts on
ts expressed activity instead, imparts strong and differential
ffects on PFC functions. In summary, high PFC DA result-
ng from low COMT expressed activity in C allele-loading
ndividuals is advantageous for non-emotional problem solv-
ng but leads to disadvantageous choices when decision-making
epends on processing of emotional feedback. Future studies
ith patient populations are required to determine the role of

uch C allele-driven decision-making to risk for affective dis-
rders. Since synonymous SNPs within haplotypes can have
unctional consequences drastically different from those of each
solated mutation, it is important to study haplotypes over SNPs
or analysis of genetic variations.
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