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■ Working memory capacity is extremely limited and individual

differences are heritable to a considerable extent. In the search
for a better understanding of the exact genetic underpinnings
of working memory, most research has focused on functional
gene variants involved in the metabolism of the neurotransmitter
dopamine. Recently, there has been investigation of genes related to other neurotransmitter systems such as acetylcholine.
The potential relevance of a polymorphism located in the gene
coding for the alpha4 subunit of the nicotinic acetylcholine receptor (rs#1044396) has been discussed with respect to working
memory, but empirical investigations have provided mixed
results. However, pharmacological studies in both rodents and
humans have shown that the effect of nicotinic agonists on cognitive functions is mediated by dopamine. We therefore hypothe-

INTRODUCTION
Working memory is the memory system that allows the
maintenance of information in a highly accessible state
over a brief period (Cowan, 1999). Working memory has
both storage and processing functions and is involved in
the goal-directed execution of a vast range of cognitive
tasks (DʼEsposito, 2007; Baddeley, 1986). Despite the centrality of the working memory construct for cognition, its
capacity is surprisingly limited (Miller, 1956). Estimates of
working memory capacity suggest that merely four items
can be retained in the absence of external stimulation
(Owen, McMillan, Laird, & Bullmore, 2005; Cowan, 2000).
Despite this limitation, there is, nevertheless, a considerable amount of variation in working memory capacity between individuals, and differences in working memory
capacity have proven to be excellent predictors of performance in many cognitive domains including general
intelligence (Ackermann, Beyer, & Boyle, 2005; Conway,
Kane, & Engle, 2003; Daneman & Merikle, 1996).
Individual differences in working memory capacity seem
to be under genetic influence. In a twin study, heritability
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sized that such an interaction can be found on a molecular genetic
level as well. In order to test this hypothesis, we genotyped 101
healthy subjects for rs#1044396 and three functional polymorphisms on the dopamine d2 receptor gene (rs#1800497, rs#6277,
rs#2283265). These subjects performed a visuospatial working
memory task in which memory load was systematically varied. We
found a significant interaction between rs#1044396 and a haplotype
block covering all three dopaminergic polymorphisms on working
memory capacity. This effect only became apparent on higher levels
of working memory load. This is the first evidence from a molecular
genetic perspective that these two neurotransmitter systems interact
on cognitive functioning. The results are discussed with regard to
their implication for working memory theories and their clinical
relevance for treatment of substance abuse and schizophrenia. ■

estimates ranged from 0.27 to 0.51 (Kremen et al., 2007). In
the population, working memory capacity is a normally distributed phenotype, and thus, it is obvious that no single
gene locus but many loci on several genes, so-called quantitative trait loci, form its genetic foundation (Plomin et al.,
1994). The probing question is which particular genes
determine working memory capacity. A more detailed
understanding of the molecular genetics of working memory would not only add valuable insight into working
memory theories but could also benefit the diagnosis
and treatment of disorders which are associated with impairments in working memory functioning, such as attention deficit hyperactivity disorder (Martinussen, Hayden,
Hogg-Johnson, & Tannock, 2005) or schizophrenia (Barch
& Smith, 2008).
The neurotransmitter dopamine plays a pivotal role in
working memory processes (Aalto, Brück, Laine, Någren,
& Rinne, 2005; Luciana, Depue, Arbisi, & Leon, 1992;
Brozoski, Brown, Rosvold, & Goldman, 1979), and individual
differences in dopaminergic neurotransmission strongly
covariate with working memory capacity (Cools, Gibbs,
Miyakawa, Jagust, & DʼEsposito, 2008). This evidence
renders dopamine-related genes as candidate genes for genetic association studies. An association between COMT
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Abstract

maintenance-related processes. During task performance,
however, no steps were taken to prevent the subjects from
using memory-aiding strategies such as chunking. Thus,
the question remains whether the observed gene effect
indeed influences maintenance or reflects other executive
processes associated with meta-memory. At present, it is
not entirely clear which working memory components
are targeted by the investigated polymorphisms. It is advisable that future studies focus on the clear isolation of component processes, either by identifying latent variables or
by using measures that are regarded as pure estimates of
the component under investigation.
The executive component of working memory is related
to attention. Baddeley (1986) adopted the supervisory
attentional system (Norman & Shallice, 1980) as a blueprint
for the central executive, and a more recent model postulates a capacity-limited attentional focus that amplifies
the active representations of context information in working memory in the service of ongoing tasks (Cowan, 1999).
Because attentional control itself is an integral part of working memory, gene variants which are associated with attentional network functioning might be of relevance for
working memory processes as well. Pharmacological studies point toward acetylcholine, especially its receptors
of the nicotinic subtype, as a crucial transmitter system
for attention (Cools & Robbins, 2004; Mancuso, Andres,
Ansseau, & Tirelli, 1999; Levin et al., 1998; Provost &
Woodward, 1991). The SNP rs1044396 in the gene coding
for the alpha subunit of the nicotinic acetylcholine receptor (CHRNA4) was intensively studied with respect to its
role in attention, and there is abundant evidence that this
SNP is associated with attentional network functioning
(Reinvang, Lundervold, Rootwelt, Wehling, & Espeseth,
2009; Espeseth, Endestad, Rootwelt, & Reinvang, 2007;
Winterer et al., 2007; Greenwood, Fossella, & Parasuraman,
2006; Parasuraman, Greenwood, Kumar, & Fossella, 2005).
However, its role is less clear with regard to working memory. Parasuraman et al. (2005) could not relate the CHRNA4
SNP to working memory in a visuospatial delayed-matchto-sample task. Greenwood et al. (2008) addressed the genetic role of CHRNA4 in the interaction between attention
and working memory. They used a delayed-match-tosample task together with a visual cueing task. Working
memory performance declined with an increase in task
difficulty, however, the CHRNA4 predicted whether beneficial visual cues could diminish this effect. This provides
evidence that the CHRNA4 SNP modulates the overlapping
processes between attention and working memory.
Although there is abundant evidence for the role of
dopaminergic gene loci in working memory functioning,
the results regarding cholinergic genes are ambiguous. Inconsistent findings regarding a specific gene locus might be
partially due to an interaction with other gene loci that
conceal the individual impact of a given SNP when examined in isolation. In the present study, we seek to examine
the hypothesis that CHRNA4 rs1044396 affects working
memory in interaction with dopamine-related gene loci in
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rs#4680 (COMT val158met), a single nucleotide polymorphism (SNP) on the gene coding for the dopamine degrading enzyme catechol-O-methyltransferase (COMT) and
working memory has been consistently reported (Mattay
et al., 2003; Egan et al., 2001; for a review, see Savitz, Solms,
& Ramesar, 2006). The COMT rs#4860 SNP affects the availability of dopamine, but neurotransmitter functioning does
not only depend on the availability of a transmitter but also
on the existence of sufficient binding sites. Although both
dopamine d1 and d2 receptors are important for working
memory functioning, molecular genetic research in this
area has so far almost exclusively focused on the DRD2 gene
which codes for the D2 receptor. The DRD2 rs#1800497
polymorphism (DRD2/ANKK1 Taq-Ia), which is associated
with striatal d2 receptor density (Pohjalainen et al., 1998),
demonstrates an interaction with COMT rs#4860 on working memory (Gosso et al., 2008). Such an interaction, a socalled epistasis effect, provides direct evidence that more
than one gene affects working memory capacity and that
their influence is not necessarily additive.
The dominant paradigm in the literature which reports
COMT rs#4860 effects on working memory is the n-back
task, in which participants view a stream of stimuli in
succession and are instructed to respond with a button
press each time the nth stimulus repeats. Working memory load can be manipulated by varying the parameter n.
The n-back task was also used by Zhang et al. (2007), who
demonstrated that an intronic SNP on DRD2 (DRD2
rs#2283265), which is linked to individual differences in
DRD2 mRNA expression, affects working memory. The
n-back task is a global working memory task which taxes
maintenance, updating, and manipulation processes (Cowan,
2000). Although the generality of the task has made it an
excellent means of establishing the behavioral and neural
relevance of the COMT and the DRD2 gene, it remains unclear which exact process is modulated by the genes. In a
similar way, composite working memory measures, as used
in the Gosso et al. (2008) study on the DRD2 by COMT
epistasis, are problematic for the identification of the modulated task components. Recently, Stelzel, Basten, Montag,
Reuter, and Fiebach (2009) used structural equation modeling to identify latent variables that account for performance
in various working memory tasks. They found that the
DRD2 by COMT epistasis selectively affected a latent variable that was interpreted as the executive component of
working memory, which involves the manipulation and updating of information.
The selective role of the DRD2 gene on updating and
manipulating fits into the framework outlined by Winterer
and Weinberger (2004), who suggest that the flexible updating of representations is mediated by D2 receptors,
whereas D1 receptors are involved in the maintenance of
information. However, Xu et al. (2007) showed that the
SNP DRD2 rs#6277 (DRD2 c957t), which is also associated
with reduced striatal receptor density, interacts with COMT
on working memory in a serial position test. The serial
position test is a working memory task which emphasizes
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that individual differences in working memory are best
reflected in working memory capacity has a long tradition
in working memory research (Daneman & Merikle, 1996)
and genetic influence on working memory capacity has
been demonstrated in twin studies. Cowan (2001) outlined
boundary conditions which allow for observation of a pure
estimate of working memory capacity. The brief visuospatial array task represents a pure capacity estimate in
the visuospatial domain ( Luck & Vogel, 1997). In such
tasks, an array consisting of a variable number of stimuli
is flashed briefly. The short presentation duration discourages eye movements and prevents participants from
grouping individual stimuli into chunks. Thus, one can
assume that each stimulus in the array is encoded as one
chunk, which allows for inference on an individualʼs capacity. It was shown that a critical predictor of working memory capacity in brief visuospatial array tasks is the efficiency
of the selective encoding of relevant information in combined selective attention/working memory tasks (McNab
& Klingberg, 2008; Vogel, McCollough, & Machizawa,
2005). The selection of task-relevant information to the
exclusion of irrelevant information has been associated
with executive control (Posner & Dehaene, 1994). Based
on first evidence that dopaminergic gene loci are involved
in the executive component of working memory, we assume that the genes under investigation affect working
memory capacity by influencing the updating of information into working memory.
The interaction between dopamine and nicotine is mainly
mediated by dopamine d2 receptors. Thus, we focused on
functional SNPs on the DRD2 gene coding for this receptor
subtype. We chose three SNPs which had previously been
shown to be functional and related to working memory,
namely, DRD2 rs#1800497 (Gosso et al., 2008; Pohjalainen
et al., 1998), DRD2 rs#6277 (Xu et al., 2007; Hirvonen et al.,
2006), and DRD2 rs#2283265 (Zhang et al., 2007). Instead
of testing every DRD2 SNP on interaction with CHNRA4
rs#1033496 in isolation, we opted for a different strategy:
We made use of the fact that adjacent alleles on a chromosome are not inherited independently but in so-called
haplotype blocks with a strong recombinatory variation between and little or no recombination within these blocks
(Gabriel et al., 2002). We constructed haplotype blocks from
the genotype data by means of statistical linkage analysis
and then tested the haplotype blocks on the DRD2/ANKK1
gene for interaction with the nicotinic SNP. By doing so, we
increased the power of our test and reduced the risk of falsepositive results due to multiple testing (The International
HapMap Consortium, 2003).

METHODS
Participants
A total of 101 white subjects (n = 83 women, n = 18 men,
mean age M = 24.76 years, SD = 6.45) gave their informed
written consent to participate in the study. Participants
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Downloaded from http://direct.mit.edu/jocn/article-pdf/22/9/1944/1770531/jocn.2009.21354.pdf by guest on 18 June 2021

a working memory task without additional requirements on
attentional network functioning. We ground this hypothesis
on three clusters of evidence. First, it was suggested that
cholinergic and dopaminergic neurotransmission in mesocortical pathways subserve the dynamic goal-directed attentional amplification of representations in working memory
(Dehaene, Kerszberg, & Changeux, 1998). There is a strong
overlap between the cholinergic and the dopaminergic
system in mesocortical pathways. Especially in the striatum,
dopaminergic neurons share nicotinic acetylcholine receptors and dopamine receptors can be found on cholinergic
interneurons (Exley & Cragg, 2008; Zhou, Wilson, & Dani,
2003). Functionally, the striatum acts as a funnel for corticothalamical loops through the basal ganglia in service of
cognitive functions, among other things (Alexander, DeLong,
& Strick, 1986). Given the overlap of the dopaminergic and
nicotinic systems, there is reason to assume that dopamine and acetylcholine do not affect attentional amplification in working memory independently.
Second, evidence from pharmacological studies in rodents indicate that nicotinic acetylcholine receptor functioning affects working memory and that this influence
is least partially mediated by dopamine. In the rat model,
nicotine receptor agonists improve radial maze performance (Levin & Rose, 1991), whereas antagonists lead to
impairment (Levin, Castonguay, & Ellison, 1987). The administration of a dopamine D2 agonist, however, can reverse the impairments induced by nicotinic antagonists
(Levin, McGurk, Rose, & Butcher, 1989), whereas the coadministration of both dopamine and nicotine antagonists
leads to additional impairment when compared to the individual impact of each substance (McGurk, Levin, & Butcher,
1989). Remarkably, reversal of the impairment induced by
the nicotinic antagonist cannot be accomplished by a dopamine D1 agonist. This indicates a selective role of dopamine
D2 receptors in the observed interaction between dopaminergic neurotransmission and nicotinic acetylcholine
receptors during working memory tasks (Levin et al., 1989).
Third, in a recent pharmacogenetic imaging study in
healthy subjects, it was shown that nicotine affects working
memory differently depending on the individualʼs genotype ( Jacobsen, Pugh, Mencl, & Gelernter, 2006). Using
fMRI, it was shown that transdermally administered nicotine led to a stronger BOLD response in the left anterior
insula during a demanding n-back task. Furthermore, error
rates were elevated. These effects were restricted to individuals carrying at least one T-allele of the DRD2 rs#6277
polymorphism. This allele variant is associated with an elevated receptor density in the striatum (Hirvonen et al.,
2006). This finding points directly toward the question
of whether functional alternations in nicotinic receptor
functioning have a different impact on working memory
depending on dopaminergic gene variants.
As outlined above, it is not entirely clear which working
memory processes are targeted by dopaminergic genes.
Working memory capacity appears to be an ideal dependent measure for the present purpose because the idea

Backward primer: 50–GTCTGTGTCTTCGGCCTTCA–30
Anchor hybridization probe: 50–LCRed640-CACCGAAGAGGGCTCCTTCTTGCAT-phosphate–30
Sensor hybridization probe: 50–TCTTGACCGTGGCACTCGGG-fluorescein–30
Haplotype Analysis
Linkage analyses between SNPs and construction of
haplotype blocks were conducted by means of Haploview
3.32 (www.broad.mit.edu /mpg/ haploview/index.php).
Individual haplotypes were calculated with PHASE, version
2.1. PHASE implements a Bayesian statistical method
for reconstructing haplotypes from population genotype
data (Stephens, Smith, & Donnelly, 2001). The construction of haplotype blocks was conducted via the Solid Spine
of LD method.

Genotyping
DNA was extracted from buccal cells. Automated purification of genomic DNA was conducted by means of the
MagNA Pure LC system using a commercial extraction kit
(MagNA Pure LC DNA isolation kit; Roche Diagnostics,
Mannheim, Germany). Genotyping of the four SNPs was performed by real-time polymerase chain reaction (RT-PCR)
using fluorescence melting curve detection analysis by
means of the Light Cycler System (Roche Diagnostics). The
protocols for the PCR were as follows:
DRD2 rs#1800497:
Forward primer: 50–CGGCTGGCCAAGTTGTCTAA–30
Backward primer: 50–AGCACCTTCCTGAGTGTCATCA–30
Anchor hybridization probe: 50–LCRed640-TGAGGATGGCTGTGTTG-CCCTT-phosphate–30
Sensor hybridization probe: 50–CTGCCTCGACCAGCACTfluorescein–30

Behavioral Task and Stimuli
We applied a version of a brief visual array task (Luck &
Vogel, 1997 ) as it was used in McNab and Klingberg
(2008). The procedure is depicted in Figure 1. Following
a 1000-msec fixation, a grid comprising 16 positions was
presented to the subject for 1000 msec. In this grid, red
squares were arranged at a variable number of positions,
and participants were instructed to memorize the exact
location of the squares. After a retention interval of
2000 msec, the grid was presented again with one position cued. Participants indicated with different button
presses on a response pad (Cedrus, San Pedro, CA) whether
a red square had stood on the cued position or not. Subjects performed on a total of 150 trials in five blocks. Working memory load was increased blockwise in ascending
order from two to six items (i.e., red squares). Participants

DRD2 rs#6277:
Forward primer: 50–GAACTTGTCCGGCTTTACC–30
Backward primer: 50–CAATCTTGGGGTGGTCTTT–30
Anchor hybridization probe: 50–LCRed640-CCCCGCCAAACCAGAGAAGAAT-phosphate–30
Sensor hybridization probe: 50–TCCACAGCACTCCCGACA-fluorescein–30
DRD2 rs#2283265:
Forward primer: 50–TCTTGGGCTAGACGCAT–30
Backward primer: 50–GTGGAATCCTCAAGACCACC–30
Anchor hybridization probe: 50–LCRed640-CCTGTTTCCTCATCTGTTAAATGGGAAT-phosphate–30
Sensor hybridization probe: 5 0–TTAGGCAAGTTTCTTACCTTCTATGA-fluorescein–30.
CHRNA4 rs#1044396:
Forward primer: 50–TCTCGCAACACCCACTC–30

Figure 1. Representative trial of the brief visuospatial array task
with a working memory load of three items. In the example, an
item was presented on the cued position.
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were recruited from the gene data bank of the Bonn
Gene Brain Behavior Project ( BGBBP) and had previously delivered DNA samples together with their approval to use the genetic information in experimental
studies. All subjects were enrolled in the psychology program at the University of Bonn and were compensated
with course credit for their efforts. The high proportion
of female participants reflects the gender distribution in
German psychology classes. Before testing, subjects were
screened for neurological and psychiatric disorders and
questioned about their smoking habits. The study was
carried out in accordance with the ethical principals of
the Declaration of Helsinki of the World Medical Association and was approved by the ethics committee of the
German Psychologist Association.

were instructed to respond as fast as possible while avoiding errors.
Measures

Working Memory Capacity
One participant was excluded from the analysis because
her performance was at below-chance level. There was
no sex difference [multivariate F(6, 91) = 0.81, p = .562]

RESULTS
Genetic Analyses
The genotype frequencies were as follows: DRD2
rs#1800497—A1A1, n = 5; A1A2, n = 31; A2A2, n =
61 [test for Hardy–Weinberg equilibrium χ2(1) = 0.17,
ns]; DRD2 rs#6277—C/C, n = 30; C/T, n = 44; T/T,
n = 25 [test for Hardy–Weinberg equilibrium χ2(1) =
1.17, ns]; DRD2 rs#2283265—G/G, n = 69; G/T, n =
27; T/T, n = 2 [test for Hardy–Weinberg equilibrium
χ2(1) = 0.12, ns]; CHRNA4 rs#1044396—C/C, n = 20;
C/T, n = 48; T/T, n = 31 [test for Hardy–Weinberg equilibrium χ2(1) = 0.03, ns]. Due to technical reasons, some
samples could not be genotyped for some SNPs: DRD2
rs#1800497, n = 4; DRD2 rs#6277, n = 2; DRD2
rs#2283265, n = 3; and CHRNA4 rs#1044396, n = 2.
Genotype data for at least one DRD2 SNP was available
for each subject, which is sufficient for the haplotype anal1948
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Figure 2. The haplotype block spanning three functional SNPS on
the DRD2/ANKK1 gene. Values in the squares are d0 values and
represent the linkage disequilibrium between the SNPs. The T-allele
of rs#1800497 and the C-allele of rs#6277 are both associated with
reduced striatal receptor density (Hirvonen et al., 2006; Pohjalainen
et al., 1998). The T-allele of rs#2283265 is associated with different
mRNA expression for dopamine d2 receptors (Zhang et al., 2007).
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We computed Cowanʼs K as an estimate of working memory capacity, which is the measure most widely used in research on visual working memory (McNab & Klingberg,
2008; Song & Jiang, 2006; Vogel et al., 2005). K is defined
as K = (H + CR − 1) * n, where H and CR are the observed
hit rate and correct rejection rate, respectively, and n is
the number of items in the array (Cowan, 2001). The K
measure uses the correct rejection rate to correct for
guessing and assumes that a person who can hold K
items in working memory will answer correctly in K out
of n trials if an item has actually stood at the cued position.
For each working memory load (n = 2, 3,…, 6 items), a
separate K value was computed. Following McNab and
Klingberg (2008), Kmax, the highest individual K value irrespective of working memory load, served as a global index
of working memory capacity.
We further analyzed participantsʼ reaction times (RTs).
It is widely apprehended that the slope in RT with increasing working memory load reflects the efficiency of mental
search in working memory, which is regarded as an important working memory process (Sternberg, 1969). The
rationale here is that an efficient search in working memory allows a memory-guided correct response before the
memory trace decays. Hence, individuals with a steeper
slope are thought to search less efficiently in working
memory and, therefore, show a reduced performance in
working tasks. Prior to analysis, RTs were submitted to an
exploratory data analysis to identify outliers according to
Tukey’s (1977 ) criterion. Outlier analysis was computed
separately for each participant and working memory load,
and led to the exclusion of 7.1 trials per participant on
average.

ysis. The two subjects whose samples could not be genotyped for CHNRA4 were excluded from further analysis.
The three DRD2 SNPs built a haplotype block spanning
15.5 kb on the DRD2/ANKK1 gene (see Figure 2). Five
different haplotypes could be identified (see Table 1).
We grouped the sample into TCT-haplotype carriers and
noncarriers, as this haplotype covers all three alleles associated with reduced or altered dopamine D2 receptor
density. As is common in the literature (Reinvang et al.,
2009; Parasuraman et al., 2005), we further divided the
sample into CHRNA4 C-allele carriers (C/C and C/T genotypes) and into T/T carriers. The resulting distribution
of the sample according to haplotype and CHRNA4 allele
is depicted in a 2 × 2 format in Table 2. Gender frequencies
were equally distributed across cells (Fisherʼs exact test,
p = .37).

Table 1. Observed and Expected Haplotypes as Reconstructed
with PHASE
Haplotype

Observed

Expected

1

CCG

61

60.36

2

CCT

0

0.1

3

CTG

97

97.34

4

CTT

0

0.02

5

TCG

1

2.02

6

TCT

34

33.61

7

TTG

9

8.53

8

TTT

0

0.02

nor was there a difference between smokers and nonsmokers [multivariate F(6, 91) = 0.37, p = .894] on the K
measures. Data were collapsed for further analysis. Figure 3
shows means and standard errors for Cowanʼs Kmax in
the different genotype groups. A 2 × 2 between-subjects
ANOVA revealed a significant main effect for the DRD2
haplotype [F(1, 94) = 5.78, p = .018, η2est = .058], and a
significant interaction between DRD2 haplotype and
CHRNA4 [F(1, 94) = 9.23, p = .003, η2est = .089]. Carriers
of the TCT-haplotype outperformed their counterparts,
but only when they were also homozygous for the CHRNA4
T-allele. No such difference could be found in subjects who
carried at least one CHRNA4 C-allele.
Next, we examined working memory capacity in dependence of working memory load. Means and standard errors
are depicted in Figure 4. Table 3 gives an overview of hit
rates, correct rejection rates, and Cowanʼs K values in dependence of the haplotype/genotype groups and working
memory load. A 5 × 2 × 2 ANOVA on K with number of
items in the array as within factor and the DRD2 haplotype
and CHRNA4 genotype as between factors revealed significant main effects for working memory load [F(4, 376) =
5.44, p = .0003, η2est = .055] and the DRD2 haplotype
[F(1, 94) = 4.686, p = .033, η2est = .047], and significant
two-way interactions between working memory load and
the DRD2 haplotype [F(4, 376) = 3.15, p = .014, η2est =
.032], and between DRD2 haplotype and CHRNA4 geno-

Figure 3. Epistasis effect of the DRD2/ANKK1 haplotype and the
CHRNA4 C-allele on an omnibus measure of working memory
capacity (Kmax).

type [F(1, 94) = 8.23, p = .005, η2est = .08]. Most notably,
the three-way interaction was significant [F(4, 376) = 4.47,
p = .002, η2est = .045]. The TCT-haplotype affects working
memory capacity differently depending on the number of
items in the array and depending on the CHRNA4 genotype as well. The combination of a DRD2 TCT-haplotype
and a CHRNA4 T/ T-genotype is beneficial for working
memory capacity when the load on working memory increases. This was corroborated by exploratory t tests in
the T/T carriers: The differences between the haplotype
groups were significant on the four- [t(26.165) = 2.46,
p < .022] and on the five-item levels [t(26.165) = 4.23,
p < .0002]. The latter contrast remained significant after
adjusting for multiple testing.
In a last step, we assessed whether similar effects could
be seen as a function of each DRD2 SNP separately, or
whether stratification based on haplotype was necessary
to reveal the effects. Table 4 shows the DRD2 main
effects and DRD2 × CHRNA4 interactions for each dopaminergic SNP on Kmax. Each of the three SNPs interacts
with the CHRNA4 SNP by itself. Upon examining the effect
sizes, we can see that the haplotype analysis adds an increment in accounted variance as compared to the single SNP
analyses.

Reaction Time Analysis

Table 2. Distribution of the Sample According to DRD2
Haplotype and CHRNA4 Alleles
CHRNA4 rs#1044396
CC and C T

TT

DRD2 TCT+

21

10

DRD2 TCT−

47

21

TCT+ refers to carriers of the TCT haplotype and TCT− to participants
without the TCT haplotype.

Mean RTs under different working memory loads can be
seen in Figure 5. Male subjects showed shorter response
latencies, and sex was included as an additional factor in
the model. A 5 × 2 × 2 × 2 ANOVA on RTs with number of
items in the array as within factor and gender, the DRD2
haplotype, and CHRNA4 genotype as between-subject
factors revealed significant main effects for number of
items in the array [F(4, 364) = 8.88, p < .0001, η2est =
.089; gender, F(1, 91) = 11.516, p = .001, η2est = .112;
Markett, Montag, and Reuter
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In the haplotype column, the first position refers to DRD2 rs#1800497,
the second to DRD2 rs#6277, and the third to DRD2 rs#2283265.

and CHRNA4, F(1, 91) = 6.215, p = .014, η2est = .064]. No
reliable interaction could be detected. RTs increased linearly with an increasing number of items in the array [linear
trend, F(1, 91) = 14.28, p < .001, η 2 est = .136] and
CHRNA4 T/T-allele carriers showed uniformly higher RTs.

variant of CHRNA4 (see Figure 3). This was reflected by a
significant interaction effect of DRD2 and CHRNA4. No main
effect for CHRNA4 rs#1044396 could be detected. The main
effect for the haplotype and the null result for CHRNA4 are
consistent with the literature (Xu et al., 2007; Zhang et al.,
2007; Parasuraman et al., 2005).
The K measure is thought to reflect the number of items
stored in working memory but its computation is based on
error rates. Thus, the gene effect on the global Kmax might
not reflect differences in working memory capacity, but
rather performance differences in accuracy irrespective of
working memory load. A more detailed analysis revealed
that the gene effects were only visible when the working
memory load was high (5 items in the array). It was previously demonstrated that K increases with set size until
it reaches a plateau or even drops when the individual
capacity limit is exceeded. Individual differences in working
memory capacity only become apparent at higher working
memory load: Although some individuals reach their plateau at five items or higher, the performance of others levels up at set sizes as little as three (Todd & Marois, 2005).
The present significant three-way interaction between
DRD2, CHRNA4, and working memory load renders it

DISCUSSION
In the present study, we tested whether functional polymorphisms on the gene coding for the dopamine d2 receptor (DRD2/ANKK1) predict working memory capacity in a
brief visuospatial array task in interaction with a functional
polymorphism on CHRNA4, the gene coding for the nicotinic acetylcholine receptorʼs α4 subunit. We were able to
reconstruct individual haplotype blocks spanning 15.5 kb
on the DRD2/ANKK1 gene from the genotype data. These
haplotype blocks were then tested on an interaction with
the CHRNA4 SNP. We found a main effect of the haplotype on an omnibus measure of working memory capacity
(Cowanʼs Kmax ): Carriers of the DRD2 TCT+ haplotype outperformed their counterparts by holding one additional
item in working memory. The benefit of DRD2 TCT+,
however, was restricted to carriers of the homozygous T/T

Table 3. Hit Rates, Correct Rejection Rates, and Resulting K Values Dependent on the Haplotype/Genotype Groups
DRD2 TCT−

DRD2 TCT+
CHRNA4 C−

CHRNA4 C+
Items

CHRNA4 C−

CHRNA4 C+

p(H)

p(CR)

K

p(H)

p(CR)

K

p(H)

p(CR)

K

p(H)

p(CR)

K

2

.83

.83

1.32

.87

.88

1.49

.85

.89

1.50

.86

.73

1.19

3

.83

.80

1.85

.83

.80

1.90

.83

.82

1.95

.80

.73

1.58

4

.74

.74

1.90

.75

.82

2.28

.73

.76

1.96

.70

.64

1.36

5

.69

.61

1.51

.75

.77

2.60

.67

.69

1.94

.63

.54

0.82

6

.64

.63

1.62

.66

.73

2.32

.56

.66

1.47

.63

.55

1.10
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Figure 4. Three-way interaction of the DRD2/ANKK1 haplotype, the CHRNA4 C-allele, and number of items in the array on working memory
capacity. The graph on the left (A) shows the results of CHRNA4 T/T carriers, the graph on the right (B) those of C/C and C/T carriers.

Table 4. Separate ANOVAs with the DRD2 SNPs and CHRNA4
C-allele as Factors
F

p

η2est

DRD2 rs#1800497

4.79

.031

.05

DRD2 rs#1800497 × CHRNA4 C-allele

5.42

.024

.05

DRD2 rs#6277

2.127

.125

.04

DRD2 rs#6277 × CHRNA4 C-allele

4.80

.01

.09

DRD2 rs#2283265

5.07

.027

.05

DRD2 rs#2283265 × CHRNA4 C-allele

7.19

.009

.07

DRD2 haplotype

5.78

.018

.06

DRD2 haplotype × CHRNA4 C-allele

9.23

.003

.09

Effect

unlikely that the observed gene effect on working memory
was simply caused by differently affected error rates and
does indeed target working memory capacity. For all genotype groups, there was an increase in K between set sizes
2 and 3. Then, K reached a plateau for CHRNA4 C-allele
carriers, dropped for TCT−/T/ T carriers, and increased
for TCT+/T/ T carrier. In agreement with the literature,
the numerical values of K were considerably lower than
the actual set size would predict (see Figure 2 in Todd &
Marois, 2005), but still, the K values increased in the TCT+/
T/ T carriers up to a set size of 5, causing the significant
gene effect.
As expected, the RT analysis revealed a linear increase in
RT depending on the number of items in the array. This is
consistent with the widely replicated findings by Sternberg
(1969). However, with respect to RT, no interaction with the
DRD2 haplotype or with the CHRNA4 SNP was observed.
Furthermore, the epistasis effect of DRD2 by CHRNA4
on working memory capacity could not be observed either.
Thus, it seems unlikely that the observed differences
in working memory capacity between the haplotype/
genotype groups are caused by differently efficient search
in working memory.
Working memory load, as measured with Cowanʼs K, is
associated with an increased negativity in the ERP across
parietal cortex ( Vogel & Machizawa, 2004) and an increase of the BOLD response in the left intraparietal and
intraoccipital sulci (IPS/IOS; Todd & Marois, 2004). Both
studies report similar characteristics for the increase in
brain activity during the delay period of brief visuospatial
array tasks. Individual differences in Kmax have been related
to individual differences in posterior brain areas, specifically the left intraparietal and intraoccipital sulci (Todd &
Marois, 2005). It might be the case that these brain areas
are modulated by the two genes under investigation. However, the brain activity was measured during the delay of

Figure 5. Results of the reaction time analysis dependent on the
DRD2/ANKK1 haplotype, CHRNA rs#1044396 and working memory
load. No reliable interaction could be detected.
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Due to the skewed distribution of the alleles of DRD2 rs#1800497 and
DRD2 rs2283265, participants were grouped into A1+ (A1/A1 and A1/A2)
and G+ (T/G and G/G) carriers, respectively. Effects for the haplotype/
genotype analysis are also included.

the task and it is likely that it reflects maintenance-related
processes which are not directly related to dopamine D2
receptors (Winterer & Weinberger, 2004).
Another neuromodulatory mechanism of the genetic
interaction between CHRNA4 and DRD2 is conceivable.
Vogel et al. (2005) demonstrated that the individual ability
to exclude irrelevant information in a combined selective
attention and working memory task predicted working
memory capacity as measured with Cowansʼs K in a separately administered brief visuospatial array task. Using
fMRI, McNab and Klingberg (2008) were able to locate
the effect: Activity in the basal ganglia, in preparation of
the exclusion of irrelevant information, was not only predictive for the amount of unnecessary storage of irrelevant
information but also for individual working memory capacity which was measured outside the scanner in a task
similar to the one used in the present study. The basal
ganglia in general and the striatum in particular are thought
to have a gating function for the access of context information into working memory (Cools, Sheridan, Jacobs, &
DʼEsposito, 2007; Braver & Cohen, 2000), presumably
by means of the control of an attentional focus (McNab
& Klingberg, 2008; Cowan, 1999; Dehaene et al., 1998).
Dopamine d2 receptors are cardinally expressed in the
striatum (Camps, Cortes, Gueye, Probst, & Palacios, 1989),
and nicotinic acetylcholine receptors with α4-subunits can
be found on striatal dopaminergic neurons (Exley & Cragg,
2008). It was shown that the DRD2 SNPs under investigation influence striatal D2 receptor availability (Zhang et al.,
2007; Hirvonen et al., 2006; Pohjalainen et al., 1998). Cools
et al. (2007) were demonstrated that the D2 agonist
bromocriptine was involved in the modulation of striatal
activity during flexible encoding of information into working memory. Based on these results, we would like to
propose the tentative hypothesis that DRD2 and CHRNA4
affect the efficiency by which relevant information is
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peatedly related to working memory function. Such an investigation would require an even larger sample size than
the present study. Future research may want to include
more male participants. Due to the sampling strategy
from psychology classes, we obtained a sample which was
homogenous with respect to age and level of education. On
the downside, however, the sample consisted of mainly
female participants, reflecting the gender distribution in
psychology classes. Gender was not significantly associated
with any genotype/haplotype group in the factorial design,
nor was it by any means related to the dependent variables
under investigation. Thus, it seems very unlikely that an
equal gender distribution across the sample would alter
the results.
To our knowledge, the present finding is the first evidence on a molecular genetic level that the dopaminergic
and the cholinergic system interact on cognitive functioning. This certainly adds momentum to the investigation of
the exact molecular genetic underpinnings of working
memory capacity and thereby also to its correlates such as
general intelligence. Furthermore, the dopaminergic and
nicotinic cholinergic epistasis provides a tentative ground
for clinical and health-related investigations. Nicotine, as
routinely self-administered by cigarette smokers, acts on
nicotinic acetylcholine receptors and unfolds its rewarding
properties through the release of dopamine in mesostriatal
pathways. Aside from being highly addictive, nicotine facilitates attentional processes and it was hypothesized that
at least a subgroup of cigarette smokers self-administer
nicotine to compensate for small attention deficits (Evans
& Drobes, 2009). A similar self-medication hypothesis
was put forward for schizophrenia. Patients suffering from
schizophrenia exhibit elevated smoking prevalences compared to other clinical groups (Levin & Rezvani, 2007). It
was suggested that these patients smoke to compensate
for cognitive deficits associated with the negative symptoms
( Weiser et al., 2004) or to reduce side effects from their
neuroleptic medication (McEvoy, Freudenreich, Levin,
& Rose, 1995). A better understanding of the dynamic
interplay between nicotinic cholinergic and dopaminergic
receptors, with respect to cognitive functions such as
working memory, could benefit our understanding of
addictive behavior and psychotic conditions and eventually lead to an appropriate treatment of cognitive deficits
instead of hazardous cigarette smoking. We believe that
a molecular genetics perspective appears to be a feasible
means of investigation, as genetic variations are stable
individual differences that can be easily assessed and could
allow for a reliable allocation to an individual treatment in
the future.
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encoded during the trial-wise updating of working memory
contents. However, this view remains speculative until
neuroimaging studies shed light into the neural underpinnings of the CHRNA4 by DRD2 interaction on working
memory capacity.
The results from the haplotype analysis revealed a haplotype block which is especially interesting from a molecular
genetics perspective, because the TCT-haplotype covers
the allele variants of three functional SNPs on the DRD2/
ANKK1 gene that are each associated with altered DRD2
density in the striatum. Carriers of at least one DRD2
rs#1800497 T-allele (also known as the A1 allele) show a
30–40% reduction of striatal dopamine d2 receptors compared to carriers of the C-allele (Pohjalainen et al., 1998),
and striatal DRD2 availability decreases with each additional DRD2 rs#6277 C-allele (Hirvonen et al., 2006). The
G → T transition of the DRD2 rs#2283265 SNP affects the
splicing of the DRD2 gene after transcription. Carriers of
the T-allele exhibit a reduced expression of mRNA for the
presynaptic DRD2 short subtype in favor of the postsynaptic long version (Zhang et al., 2007). In the present study,
we could demonstrate that a haplotype block, which covers
all these three alleles (TCT) in conjunction, is of relevance
for working memory capacity.
Unfortunately, the exact neurobiological consequence
of the DRD2 TCT-haplotype has not yet been investigated.
DRD2 rs#1800497 T-allele and DRD2 rs#6277 C-allele
carriers exhibit a reduced DRD2 availability irrespective
of the DRD2 subtype, whereas rs#2283265 T-allele carriers
show an altered subtype proportion (pre- vs. postsynaptic)
irrespective of general receptor availability. Hence, it might
be the case that TCT+ carriers have a generally reduced
receptor availability with an additionally shifted proportion
of presynaptic to postsynaptic receptors. However, this
consideration remains speculative until the exact interplay
between the alleles on the TCT haplotype and the functional relation between haplotype block and striatal
DRD2 availability is clarified. Despite the numerous successful association studies, the exact functional role of
CHRNA4 rs#1033296 is unclear at the present time. The
neurobiological mechanisms underlying the observed
epistasis effect require further research. At the moment,
we are under the assumption that the CHRNA4 polymorphism alters the affinity of presynaptical nAChRs on
dopaminergic neurons. By this, it affects dopaminergic
neurotransmission; taken together with the decreased
D2 receptor density, this leads to an optimal saturation
of D2 receptors.
There are remaining questions which should be addressed by future research. First, the neuronal correlate
of the present effect should be investigated using neuroimaging methods; in particular, the aim should be to
resolve the issue of whether parietal or striatal activity is
modulated by the two genes. Another interesting endeavor
would be an examination of a potential three-way interaction between SNPs on DRD2, CHRNA4, and the COMT
gene, such as the COMT rs#4680 SNP that has been re-

REFERENCES

Markett, Montag, and Reuter

1953

Downloaded from http://direct.mit.edu/jocn/article-pdf/22/9/1944/1770531/jocn.2009.21354.pdf by guest on 18 June 2021

Aalto, S., Brück, A., Laine, M., Någren, K., & Rinne, J. (2005).
Frontal and temporal dopamine release during working
memory and attention tasks in healthy humans: A positron
emission tomography study using the high-affinity dopamine
D2 receptor ligand [11C]FLB 457. Journal of Neuroscience,
25, 2471–2477.
Ackermann, P. L., Beyer, M. E., & Boyle, M. O. (2005). Working
memory and intelligence: The same or different constructs?
Psychological Bulletin, 131, 30–60.
Alexander, G. E., DeLong, M. R., & Strick, P. L. (1986). Parallel
organization of functionally segregated circuits linking
basal ganglia and cortex. Annual Review of Neuroscience,
9, 357–381.
Baddeley, A. D. (1986). Working memory. Oxford: University
Press.
Barch, D. M., & Smith, E. (2008).The cognitive neuroscience
of working memory: Relevance to CNTRICS and
schizophrenia. Biological Psychiatry, 64, 11–17.
Braver, T. S., & Cohen, J. D. (2000). On the control of control:
The role of dopamine in regulating prefrontal function
and working memory. In S. Monsell & J. Driver (Eds.),
Attention and performance: XVIII. Control of cognitive
processes (pp. 713–737). Cambridge, MA: MIT Press.
Brozoski, T. J., Brown, R. M., Rosvold, H. E., & Goldman, P. S.
(1979). Cognitive deficit caused by regional depletion of
dopamine in prefrontal cortex of rhesus monkey.
Science, 205, 929–932.
Camps, M., Cortes, R., Gueye, B., Probst, A., & Palacios, J. M.
(1989). Dopamine receptors in human brain: Autoradiographic
distribution of D2 sites. Neuroscience, 28, 275–290.
Conway, A. R. A., Kane, M. J., & Engle, R. W. (2003). Working
memory capacity and its relation to general intelligence.
Trends in Cognitive Sciences, 7, 547–552.
Cools, R., Gibbs, S. E., Miyakawa, A., Jagust, W., & DʼEsposito,
M. (2008). Working memory capacity predicts dopamine
synthesis capacity in the human striatum. Journal of
Neuroscience, 28, 1208–1212.
Cools, R., & Robbins, T. W. (2004). Chemistry of the adaptive
mind. Philosophical Transactions of the Royal Society
of London: Section A, 362, 2871–2888.
Cools, R., Sheridan, M., Jacobs, E., & DʼEsposito, M. (2007).
Impulsive personality predicts dopamine-dependent
changes in frontostriatal activity during component
processes of working memory. Journal of Neuroscience,
27, 5506–5514.
Cowan, N. (1999). An embedded-process model of working
memory. In A. Miyake & P. Shah (Eds.), Models of working
memory. Mechanisms of active maintenance and executive
control. Cambridge: Cambridge University Press.
Cowan, N. (2000). The magical number 4 in short-term
memory. A consideration of mental storage capacity.
Behavioral and Brain Sciences, 24, 87–185.
Cowan, N. (2001). Authorʼs response. Commentary on Cowan, N.
(2000). The magical number 4 in short-term memory.
A consideration of mental storage capacity. Behavioral
and Brain Sciences, 24, 87–185.
Daneman, P., & Merikle, P. M. (1996). Working memory and
language comprehension: A meta-analysis. Psychonomic
Bulletin & Review, 3, 422–433.
Dehaene, S., Kerszberg, M., & Changeux, J.-P. (1998). A
neuronal model of a global workspace in effortful cognitive
tasks. Proceedings of the National Academy of Sciences,
U.S.A., 95, 14529–14534.
DʼEsposito, M. (2007). From cognitive to neural models of
working memory. Philosophical Transactions of the Royal
Society of London, Series B, Biological Sciences, 362, 761–772.

Egan, M. F., Goldberg, T. E., Kolachana, B. S., Callicott, J. H.,
Mazzanti, C. M., Straub, R. E., et al. (2001). Effect of COMT
val105/158met genotype on frontal lobe function and risk
for schizophrenia. Proceedings of the National Academy of
Sciences, U.S.A., 98, 6917–6922.
Espeseth, T., Endestad, T., Rootwelt, H., & Reinvang, I. (2007).
Nicotine receptor gene CHRNA4 modulated early eventrelated potentials in auditory and visual oddball target
detection tasks. Neuroscience, 147, 974–985.
Evans, D. E., & Drobes, D. J. (2009). Nicotine self-medication
of cognitive–attentional processing. Addiction Biology, 14,
32–42.
Exley, R., & Cragg, S. J. (2008). Presynaptic nicotinic receptors:
A dynamic and diverse cholinergic filter of striatal dopamine
neurotransmission. British Journal of Pharmacology,
153, S283–S297.
Gabriel, S. B., Schaffner, S. F., Nguyen, H., Moore, J. M., Roy, J.,
Blkumenstiel, B., et al. (2002). The structure of haplotype
blocks in the human genome. Science, 296,
2225–2229.
Gosso, M. F., de Geus, E. J. C., Poldermann, T. J. C.,
Boomsma, D. I., Heutink, P., & Posthuma, D. (2008).
Catechol-O-methyltransferase and dopamine d2 receptor
gene polymorphisms: Evidence of positive heterosis
and gene–gene interaction on working memory
functioning. European Journal of Human Genetics, 16,
1075–1082.
Greenwood, P. M., Fossella, J. A., & Parasuraman, R. (2006).
Specificity of the effect of a nicotinic receptor polymorphism
on individual differences in visuospatial attention.
Journal of Cognitive Neuroscience, 17, 1611–1620.
Greenwood, P. M., Sundararajan, R., Lin, M.-K., Kumar, R.,
Fryxell, K. J., & Parasuraman, R. (2008). Both a nicotinic
SNP and a noradrenergic SNP modulate working
memory performance when attention is manipulated.
Journal of Cognitive Neuroscience, 10, 1–15.
Hirvonen, M., Laakso, A., Någren, K., Rinne, J. O., Pohjalainen,
T., & Hietala, J. (2006). C957T polymorphism of the
dopamine d2 receptor (DRD2) gene affects striatal
DRD2 availability in vivo. Molecular Psychiatry, 9,
1060–1066.
Jacobsen, L. K., Pugh, K. R., Mencl, W. E., & Gelernter, J. (2006).
C957T polymorphism of the dopamine d2 receptor gene
modulates the effect of nicotine on working memory
performance and cortical processing efficiency.
Psychopharmacology, 188, 530–540.
Kremen, W. S., Jacobsen, K. C., Xian, H., Eisen, S. A., Eaves, L. J.,
Tsuang, M. T., et al. (2007). Genetics of verbal working
memory processes: A twin study of middle-aged men.
Neuropsychology, 21, 569–580.
Levin, E. D., Castonguay, M., & Ellison, G. D. (1987). Effects
of the nicotinic receptor blocker mecamylamine on
radial-maze performance in rats. Behavioral and Neural
Biology, 48, 206–212.
Levin, E. D., Conners, C. K., Silva, D., Hinston, S. C., Meck, W. H.,
March, J., et al. (1998). Transdermal nicotine effect on
attention. Psychopharmacology, 140, 135–141.
Levin, E. D., McGurk, S. R., Rose, J. E., & Butcher, L. L. (1989).
Reversal of mecamylamine-induced cognitive deficit with
the D2-agonist, LY 171555. Pharmacology Biochemistry
and Behavior, 33, 919–922.
Levin, E. D., & Rezvani, A. H. (2007). Nicotinic interactions
with antipsychotic drugs, models of schizophrenia and
impacts on cognitive function. Biochemical Pharmacology,
74, 1182–1191.
Levin, E. D., & Rose, J. E. (1991). Nicotinic and muscarinic
interactions and choice accuracy in the radial-arm maze.
Brain Research Bulletin, 27, 125–128.

1954

Journal of Cognitive Neuroscience

receptor gene modulates attention. Neuroscience Letters,
453, 3, 131–134.
Savitz, J., Solms, M., & Ramesar, R. (2006). The molecular
genetics of cognition: Dopamine, COMT and BDNF. Genes,
Brain and Behavior, 5, 311–328.
Song, J.-H., & Jiang, Y. (2006). Visual working memory for
simple and complex features: An fMRI study. Neuroimage,
30, 963–972.
Stelzel, C., Basten, U., Montag, C., Reuter, M., & Fiebach, C. J.
(2009). Effects of dopamine-related gene–gene interactions
on working memory component processes. European
Journal of Neuroscience, 29, 1056–1063.
Stephens, M., Smith, N. J., & Donnelly, P. (2001). A new
statistical method for haplotype reconstruction from
population data. American Journal of Human Genetics,
68, 978–989.
Sternberg, S. (1969). Memory-scanning: Mental processes
revealed by reaction-time experiments. American Scientist,
57, 421–457.
The International HapMap Consortium. (2003). The
international HapMap project. Nature, 426, 789–796.
Todd, J. J., & Marois, R. (2004). Capacity limit of visual
short-term memory in human posterior parietal cortex.
Nature, 428, 751–754.
Todd, J. J., & Marois, R. (2005). Posterior parietal cortex activity
predicts individual differences in visual short-term memory
capacity. Cognitive, Affective, & Behavioral Neuroscience,
5, 144–155.
Tukey, J. W. (1977). Exploratory data analysis (2nd ed.).
Reading, MA: Addison-Wesley.
Vogel, E. K., & Machizawa, M. G. (2004). Neural activity predicts
individual differences in working memory. Nature, 428,
748–751.
Vogel, E. K., McCollough, A. W., & Machizawa, M. G.
(2005). Neural measures reveal individual differences in
controlling access to working memory. Nature, 438,
500–503.
Weiser, M., Reichenberg, A., Grotto, I., Yasvitzky, R.,
Rabinowitz, J., Lubin, G., et al. (2004). Higher rates of
cigarette smoking in male adolescents before the onset
of schizophrenia: A historical-prospective cohort study.
American Journal of Psychiatry, 161, 1219–1223.
Winterer, G., Musso, F., Konrad, A., Vucurevic, G., Stoeter, P.,
Sander, T., et al. (2007). Association of attentional network
function with exon 5 variations of the CHRNA4 gene.
Human Molecular Genetics, 16, 18, 1265–2174.
Winterer, G., & Weinberger, D. R. (2004). Genes, dopamine and
cortical signal-to-noise ratio in schizophrenia. Trends in
Neurosciences, 27, 683–690.
Xu, H., Kellendonk, C. B., Sompson, E. H., Keilp, J. G., Bruder, G. E.,
Polan, H. J., et al. (2007). DRD2 c957t polymorphisms
interacts with COMT val158met polymorphism in human
working memory ability. Schizophrenia Research, 90,
104–107.
Zhang, Y., Bertolino, A., Fazio, L., Blasi, G., Rampino, A.,
Romano, R., et al. (2007). Polymorphisms in human
dopamine D2 receptor gene affect gene expression,
splicing, and neuronal activity during working memory.
Proceedings of the National Academy of Sciences,
U.S.A., 104, 20552–20557.
Zhou, F., Wilson, C., & Dani, J. A. (2003). Muscarinic and
nicotinergic cholinergic mechanisms in the mesostriatal
dopamine systems. The Neuroscientist, 9, 23–36.

Volume 22, Number 9

Downloaded from http://direct.mit.edu/jocn/article-pdf/22/9/1944/1770531/jocn.2009.21354.pdf by guest on 18 June 2021

Luciana, M., Depue, R. A., Arbisi, P., & Leon, A. (1992).
Facilitation of working memory in humans by a D2 dopamine
receptor agonist. Journal of Cognitive Neuroscience,
4, 58–68.
Luck, S. J., & Vogel, E. K. (1997). The capacity of visual working
memory for features and conjunctions. Nature, 390,
279–281.
Mancuso, G., Andres, P., Ansseau, M., & Tirelli, E. (1999).
Effects of nicotine administered via a transdermal delivery
system on vigilance: A repeated measurement study.
Psychopharmacology, 142, 18–23.
Martinussen, R., Hayden, J., Hogg-Johnson, S., & Tannock, R.
(2005). A meta-analysis of working memory impairments
in children with attention-deficit/hyperactivity disorder.
Journal of the American Academy of Child and
Adolescent Psychiatry, 44, 377–384.
Mattay, V. S., Goldberg, T. E., Fera, F., Hariri, A. R., Tessitore, A.,
Egan, M. F., et al. (2003). Catechol-O-methyltransferase
val158met genotype and individual variation in the brain
response to amphetamine. Proceedings of the National
Academy of Sciences, U.S.A., 100, 6186–6191.
McEvoy, J. P., Freudenreich, O., Levin, E. D., & Rose, J. E.
(1995). Haloperidol increases smoking in patients with
schizophrenia. Psychopharmacology, 119, 124–126.
McGurk, S. R., Levin, E. D., & Butcher, L. L. (1989). Radial-arm
maze performance in rats is impaired by a combination
of nicotinic–cholinergic and D2 dopaminergic antagonist
drugs. Psychopharmacology, 99, 371–373.
McNab, F., & Klingberg, T. (2008). Prefrontal cortex and basal
ganglia control access to working memory. Nature
Neuroscience, 11, 103–107.
Miller, G. A. (1956). The magical number seven, plus or
minus two. Some limits on our capacity for processing
information. Psychological Review, 101, 343–352.
Norman, D. A., & Shallice, T. (1980). Attention to action.
Willed and automatic control of behavior. In R. J. Davidson,
G. E. Schwartz, & D. Shapiro (Eds.), Consciousness and
self-regulation: Advances in research and theory (1986).
New York: Plenum.
Owen, A. M., McMillan, K. M., Laird, A. R., & Bullmore, E.
(2005). N-back working memory paradigm: A meta-analysis
of normative functional neuroimaging studies. Human Brain
Mapping, 25, 46–59.
Parasuraman, R., Greenwood, P. M., Kumar, R., & Fossella, J.
(2005). Beyond heritability. Neurotransmitter genes
differentially modulate visuospatial attention and working
memory. Psychological Science, 16, 200–207.
Plomin, R., McClearn, G. E., Smith, D. L., Vignetti, S., Chorney, M. J.,
Horney, K., et al. (1994). DNA markers associated with
high vs. low IQ: The IQ quantitative trait loci (QTL) project.
Behavior Genetics, 24, 107–118.
Pohjalainen, T., Rinne, J. O., Någren, K., Lehikoinen, P., Anttila, K.,
Syvalahti, E. K. G., et al. (1998). The A1 allele of the human
D2 dopamine receptor gene predicts low D2 receptor
availability in healthy volunteers. Molecular Psychiatry,
3, 256–260.
Posner, M. I., & Dehaene, S. (1994). Attentional networks.
Trends in Neurosciences, 17, 75–79.
Provost, S. C., & Woodward, R. (1991). Effects of nicotine
gum on repeated administration of the Stroop test.
Psychopharmacology, 104, 536–540.
Reinvang, I., Lundervold, A. J., Rootwelt, H., Wehling, E., &
Espeseth, T. (2009). Individual variation in a cholinergic

