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            Dopamine modulates attentional control of auditory perception: DARPP-32 (PPP1R1B) genotype effects on behavior and cortical evoked potentials $ Shu-Chen Li a,b,n,1 , Susanne Passow a,c,1 , Wilfried Nietfeld d , Julia Schröder d , Lars Bertram d , Hauke R. Heekeren e , Ulman Lindenberger a a Center for Lifespan Psychology, Max Planck Institute for Human Development, Lentzeallee 94, D-14195 Berlin, Germany b Department of Psychology, Lifespan Developmental Neuroscience, TU Dresden, Zellescher Weg 17, D-01062 Dresden, Germany c Department of Biological and Medical Psychology, University of Bergen, Jonas Lies vei 91, N-5009 Bergen, Norway d Department for Vertebrate Genomics, Max Planck Institute for Molecular Genetics, Ihnestrasse 63-73, D-14195 Berlin, Germany e Department of Psychology and Educational Science, Freie Universität Berlin, Habelschwerdter Allee 45, D-14195 Berlin, Germany article info Article history: Received 23 November 2012 Received in revised form 16 March 2013 Accepted 16 April 2013 Available online 29 April 2013 Keywords: Attention Selective attention Conﬂict monitoring Auditory processing Dopamine Evoked potentials DARPP-32 PPP1R1B abstract Using a speciﬁc variant of the dichotic listening paradigm, we studied the inﬂuence of dopamine on attentional modulation of auditory perception by assessing effects of allelic variation of a single-nucleotide polymorphism (SNP) rs907094 in the DARPP-32 gene (dopamine and adenosine 3′,5′-monophosphate- regulated phosphoprotein 32 kilodations; also known as PPP1R1B) on behavior and cortical evoked potentials. A frequent DARPP-32 haplotype that includes the A allele of this SNP is associated with higher mRNA expression of DARPP-32 protein isoforms, striatal dopamine receptor function, and frontal–striatal connectivity. As we hypothesized, behaviorally the A homozygotes were more ﬂexible in selectively attending to auditory inputs than any G carriers. Moreover, this genotype also affected auditory evoked cortical potentials that reﬂect early sensory and late attentional processes. Speciﬁcally, analyses of event- related potentials (ERPs) revealed that amplitudes of an early component of sensory selection (N1) and a late component (N450) reﬂecting attentional deployment for conﬂict resolution were larger in A homozygotes than in any G carriers. Taken together, our data lend support for dopamine's role in modulating auditory attention both during the early sensory selection and late conﬂict resolution stages. & 2013 Elsevier Ltd. All rights reserved. 1. Introduction Research on neuromodulation of cortical functions indicates that dopaminergic systems are critically involved in working memory and attentional control (for reviews, see Arnsten & Pilszka, 2011; Seamans & Yang, 2004). Most studies on dopamine modulation of working memory maintenance have focused on processes related to prefrontal D1 and D2 receptors (Durstewitz, Seamans, & Sejnowski, 2000; Phillips, Ahn, & Floresco, 2004; Williams & Goldman-Rakic, 1998; Vijyayraghavan et al., 2007). Given that multiple circuits connect striatal regions with regions in the frontal cortex (Alexander, DeLong, & Strick, 1986; Pennartz et al., 2009), recent human research has begun to investigate the role of striatal dopamine in working memory and attention (e.g., Cools, Clark, & Robbins, 2004; Frank, Loughry, & O'Reilly, 2001; Landau, Lal, O'Neil, Baker, & Jagust, 2005; Lewis, Dove, Robbins, Barker, & Owen, 2003; McNab & Klingberg, 2008). 1.1. Dopamine and attention: evidence from animal and human studies Lesion studies in rats have shown that unilateral striatal dopamine depletion increases reaction times of responses con- tralateral to the lesion side in tasks that require visual attentional orienting (Brown & Robbins, 1989; Carli, Evenden, & Robbins, 1985; Contents lists available at SciVerse ScienceDirect journal homepage: www.elsevier.com/locate/neuropsychologia Neuropsychologia 0028-3932/$ - see front matter & 2013 Elsevier Ltd. All rights reserved. http://dx.doi.org/10.1016/j.neuropsychologia.2013.04.005 ☆ This study was conducted in the Neuromodulation of Lifespan Cognition Project at the Center for Lifespan Psychology, Max Planck Institute for Human Develop- ment. Shu-Chen Li's research was also funded by the German Science Foundation (DFG FOR 778). This study was also funded in part through a Ph.D. Fellowship granted to Susanne Passow by the Max Planck International Research Network on Aging (MaxNetAging). Special thanks go to the student assistants for their valuable support during data collection and to all the participants. n Corresponding author at: Department of Psychology, Lifespan Developmental Neuroscience, TU Dresden, Zellescher Weg 17, D-01062 Dresden, Germany. Tel.: +49 351 46334162; fax: +49 351 46342194. E-mail addresses: [email protected] (S.-C. Li), [email protected] (S. Passow). 1 These authors contributed equally to the paper. Neuropsychologia 51 (2013) 1649–1661 
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 study was conducted in the Neuromodulationenter for Lifespan Psychology, Max Planck Inhu-Chen Li's research was also funded by theR 778). This study was also funded in partto Susanne Passow by the Max Planck InternaxNetAging). Special thanks go to the studenduring data collection and to all the participesponding author at: Department of Psycholience, TU Dresden, Zellescher Weg 17, D351 46334162; fax: +49 351 46342194.
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 a b s t r a c t
 Using a specific variant of the dichotic listening paradigm, we studied the influence of dopamine onattentional modulation of auditory perception by assessing effects of allelic variation of a single-nucleotidepolymorphism (SNP) rs907094 in the DARPP-32 gene (dopamine and adenosine 3′, 5′-monophosphate-regulated phosphoprotein 32 kilodations; also known as PPP1R1B) on behavior and cortical evokedpotentials. A frequent DARPP-32 haplotype that includes the A allele of this SNP is associated with highermRNA expression of DARPP-32 protein isoforms, striatal dopamine receptor function, and frontal–striatalconnectivity. As we hypothesized, behaviorally the A homozygotes were more flexible in selectivelyattending to auditory inputs than any G carriers. Moreover, this genotype also affected auditory evokedcortical potentials that reflect early sensory and late attentional processes. Specifically, analyses of event-related potentials (ERPs) revealed that amplitudes of an early component of sensory selection (N1) and alate component (N450) reflecting attentional deployment for conflict resolution were larger in Ahomozygotes than in any G carriers. Taken together, our data lend support for dopamine's role inmodulating auditory attention both during the early sensory selection and late conflict resolution stages.
 & 2013 Elsevier Ltd. All rights reserved.
 1. Introduction
 Research on neuromodulation of cortical functions indicatesthat dopaminergic systems are critically involved in workingmemory and attentional control (for reviews, see Arnsten &Pilszka, 2011; Seamans & Yang, 2004). Most studies on dopamine
 ll rights reserved.05
 of Lifespan Cognition Projectstitute for Human Develop-German Science Foundationthrough a Ph.D. Fellowshipational Research Network ont assistants for their valuableants.ogy, Lifespan Developmental-01062 Dresden, Germany.
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 modulation of working memory maintenance have focused onprocesses related to prefrontal D1 and D2 receptors (Durstewitz,Seamans, & Sejnowski, 2000; Phillips, Ahn, & Floresco, 2004;Williams & Goldman-Rakic, 1998; Vijyayraghavan et al., 2007).Given that multiple circuits connect striatal regions with regionsin the frontal cortex (Alexander, DeLong, & Strick, 1986; Pennartzet al., 2009), recent human research has begun to investigate therole of striatal dopamine in working memory and attention (e.g.,Cools, Clark, & Robbins, 2004; Frank, Loughry, & O'Reilly, 2001;Landau, Lal, O'Neil, Baker, & Jagust, 2005; Lewis, Dove, Robbins,Barker, & Owen, 2003; McNab & Klingberg, 2008).
 1.1. Dopamine and attention: evidence from animal and humanstudies
 Lesion studies in rats have shown that unilateral striataldopamine depletion increases reaction times of responses con-tralateral to the lesion side in tasks that require visual attentionalorienting (Brown & Robbins, 1989; Carli, Evenden, & Robbins, 1985;
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 Ward & Brown, 1996). Deficits in selective attention processes (i.e.,the inability to ignore irrelevant stimuli in blocking paradigms) havealso been observed in rats with pharmacologically induced hyper-dopaminergic activity (Crider, Blockel, & Solomon, 1986). A morerecent study by Brown et al. (2010) investigating neurofibromatosis-1 mutant mice with reduced striatal dopamine function foundimpairments in non-selective and selective attention mechanismsas assessed by a variety of locomotor activities. Moreover, themutants' attention dysfunctions could be reversed by treatmentwith methylphenidate, a dopamine agonist commonly used fortreating attentional-deficit hyperactivity disorder (ADHD). Of parti-cularly interest for the present study, Bao, Chan, and Merzenich(2001) found that pairing a tone with a transient dopamine signalthrough stimulation of the ventral tegmental area (VTA) increasesthe corresponding representation area in the auditory cortex, theselectivity of neural responses, and firing synchrony in response tothe specific tone.
 In human research, a recent receptor imaging studies used 6-[18F]fluoro-L-DOPA (FDOPA) as a radioligand for assessing dopa-mine synthesis in the striatum. Vernaleken et al. (2007) found thatchanges in prefrontal blood-oxygen-level-dependent (BOLD) sig-nal during attentional control were positively correlated withdopamine synthesis capacity in the ventral and dorsal striatum.Similarly, it has been observed that changes in BOLD signal in theanterior cingulate cortex and the dorsal lateral prefrontal cortexwhile processing affective stimuli correlate positively with striataldopamine synthesis in the caudate and putamen, which indicatesthat striatal dopamine contributes to attentional processing ofaffective stimuli (Siessmeier et al., 2006). Furthermore, striataldopamine synthesis capacity is also related to working memoryperformance, with dopamine synthesis capacity being higher inindividuals with better working memory performance (Cools,Gibbs, Miyakawa, Jagust, & D'Esposito, 2008). More specifically,as regarding dopamine's effect on mechanisms of selective atten-tion, an early positron emission tomography (PET) study, whichused 11C-labeled raclopride as the radioligand, found evidence fortransient striatal dopamine release while young adults played avideo game that required sustained and selective visual attention(Koepp et al., 1998). Also of relevance to the current study, earlierpharmacological studies that used target detection dichotic listen-ing paradigms found that catecholamine antagonists (e.g., halo-peridol or droperidol) attenuated the processing negativity, whichreflected selective attention, only in later time windows, i.e. atleast 200 ms after stimulus onset (Kähkönen et al., 2001; Shelleyet al., 1997). On the other side of the coin, a recent study showedthat dopamine agonist (rotigotine) improved hemispatial neglectof patients' performance in visual search tasks that requiredselective attention (Gorgoraptis et al., 2012).
 1.2. Dopamine and attention: clinical and molecular geneticevidence
 Evidence from clinical research also converges on the view thatdysfunctional dopaminergic signaling in the cortical–striatal–tha-lamic–cortical pathways is one of the causes underlying symptomsof ADHD, such as impaired attentional regulation and poorimpulse control (see Arnsten & Pilszka, 2011; Swanson et al.,2007 for reviews). Abnormality of dopamine signaling in theprefrontal cortex contributes to hypoactivation of the ventralprefrontal and inferior parietal regions (see Casey & Durston,2006). Furthermore, in ADHD patients alterations in striataldopamine transporter (DAT) density (see Fusar-Poli, Rubia, Rossi,Sartori, & Balottin, 2012 for a meta-analysis of nine receptorimaging studies) as well as reduced volumes of striatal regions,such as the caudate nucleus and the globus pallidus that are rich indopamine, were observed (Castellanos et al., 2002). Depending on
 the history of psychostimulant exposures, relative to healthycontrols drug naïve ADHD patients tend to show lower DATdensity in the striatum (e.g., Hesse, Ballaschke, Barthel, & Sabri,2009; Volkow et al., 2007), whereas patients with prior medica-tion treatments tend to show higher DAT density (Fusar-Poli et al.,2012). Altered dopamine transporter density in ADHD patientscould change mechanisms of recycling dopamine back into thepresynaptic terminal, and consequently would result in subopti-mal extracellular dopamine levels (Jones et al., 1998; Shumay,Folwer, & Volkow, 2010).
 Recent molecular genetic studies also showed that the dopa-mine transporter gene (DAT1) 10R/10R genotype, associated withlower levels of striatal synaptic dopamine and smaller caudatevolume, is a risk factor for ADHD (Durston et al., 2005). Investiga-tions of the effects of DAT1 gene genotype on spatial attention inhealthy children and adolescents showed that DAT 10R homo-zygotes tend to perform below the levels of DAT 9R carriers(Bellgrove et al., 2007). Relatedly, a recent study of attentionalregulation in healthy younger adults reported that DAT 9R carriersshowed a larger effect of inhibition of return, likely reflectinggreater attentional flexibility (Colzato, Pratt, & Hommel, 2010).Furthermore, another genotype also relevant for striatal dopaminefunction (i.e., the D2 receptor gene, DRD2 C957T) has been foundto be associated with individual differences in attentional blink, inline with PET imaging studies suggesting a role for striataldopamine in the regulation of attentional resources (Colzato,Slagter, de Rover, & Hommel, 2011).
 1.3. DARPP-32 gene, dopamine modulation, and cognition
 Another well-studied molecular candidate for striatal dopa-mine signaling is the DARPP-32 protein (now also known asPPP1R1B, protein phosphatase 1, regulatory inhibitor subunit1B), which is richly expressed in the striatum. The DARPP-32protein is phosphorylated by dopamine D1 receptor stimulation,and dephosphorylated by D2 receptor stimulation (Nishi, Snyder,& Greengard, 1997). The protein modulates striatal dopaminecellular excitability and synaptic plasticity related to the dopaminereceptors (Calabresi et al., 2000; Fienberg et al., 1998; Gould &Manji, 2005). It should be noted, however, given that the striatumintegrates excitatory glutamatergic inputs, and there are otherneuromodulators, such as adenosine and nitric oxide, which alsoregulate striatal phosphorylation, it is likely that DARPP-32 alsointeracts with other neurotransmitters besides dopamine(Svenningsson et al., 2004).
 Although as reviewed above the effects of a few other dopa-mine genes (e.g., the DRD2 or the DAT genotypes) on attention orworking memory functions have been studied, much less is knownabout the potential contributions of the DARPP-32 gene onattentional mechanisms. Extant findings, however, suggest thatDARPP-32 may also regulate executive control and attentionfunctions in the frontal cortex via the frontal–hippocampal–striatalpathway. For instance, other than expressions in the striatum, theDARPP-32 protein is also expressed in other regions innervated bydopaminergic projections, such as in the anterior cingulate cortex(Narita et al., 2010) and other regions of the prefrontal cortex(Albert et al., 2002; Kunii et al., 2011). Moreover, the DARPP-32protein has been shown to modulate the functional interactionbetween the striatum and the prefrontal cortex (Meyer-Lindenberg et al., 2007; Frank & Fossella, 2011) that is criticallyinvolved in attention-demanding tasks (e.g., Casey, 2005; Coolset al., 2004; Nagano-Saito et al., 2008). There is also evidenceindicating that variations in the DARPP-32 gene affect the func-tional connectivity between the inferior frontal gygus and theparahippocampus during an associative emotional memory task(Curcic-Blake et al., 2012). Thus, individual differences in mRNA
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 expression of the DARPP-32 protein may also account for indivi-dual differences in attentional control of auditory processing.
 Of particular interest in this context is the allelic variation of aSNP (rs907094) in the DARPP-32 (PPP1R1B) gene. While theprecise functional genetic changes invoked by this SNP still needto be elucidated, it is noteworthy that it is located near the splicedonor site of the intron between exons 5 and 6 (+31 bp, usingtranscript ENST00000254079 as a reference). As such it couldaffect mRNA processing, e.g. splicing and/or expression. There isalready some molecular evidence for the latter, in terms of highermRNA expression and better striatal receptor function (Calabresiet al., 2000; Fienberg et al., 1998, Meyer-Lindenberg et al., 2007).In human, a haplotype of the DARPP-32 gene that includes the Aallele of SNP rs907094 was found to be associated with highermRNA expressions of the DARPP-32 protein isoforms (Meyer-Lindenberg et al., 2007). Furthermore, variations in this poly-morphism have been found to be associated with fMRI BOLDresponses or ERPs in frontal brain networks implicating attention.Individuals carrying a haplotype of the DARPP-32 gene includingthe A allele of the rs907094 SNP showed greater changes in BOLDresponse in the striatum as well as greater frontal–striatal con-nectivity during cognitive performance, among others duringattention (Meyer-Lindenberg et al., 2007). In an emotional asso-ciative memory task that implicates the frontal–hippocampal net-work, variations in SNPs of the DARPP-32 gene, includingrs907094, were also found to be associated with higher functionalconnectivity between the inferior frontal gyrus and the parahip-pocampal gyrus (Curcic-Blake et al., 2012). In the context ofreinforcement learning, the A homozygotes of the rs907094 SNPshowed a greater advantage than G carriers in learning frompositive than from negative outcomes (e.g., Doll, Hutchison, &Frank, 2011; Frank, Doll, Oas-Terpstra, & Moreno, 2009; for review,see Frank & Fossella, 2011). Recently, in a larger sample covering awider age range from childhood to old age, our own results alsoshowed that feedback-related ERPs assessed at frontal electrodeswere larger in A homozygotes of this SNP than any G carriers,particularly in children and older adults (Hämmerer et al., 2013).
 1.4. Aim of study and hypotheses
 The goal of this study was to investigate the effects ofdopamine signaling on auditory attention in humans by studyingthe effects of the DARPP-32 gene on attentional control of auditoryperception. To this end, we assessed behavioral performance andERPs in younger adults while performing a specific variant of thedichotic listening task that was particularly amenable for investi-gating the effects of conflicts between attentional focus and therelative perceptual saliency of competing auditory inputs (cf.Passow et al., 2012, in press; Westerhausen et al., 2010). Early orlate auditory evoked potentials have been shown to reflect neuralcorrelates of sensory-driven or conflict-related processes, respec-tively. We tested whether the two genotype groups differ inattention modulation of sensory processing as reflected in ampli-tude differences in P1, N1 or P2 component (e.g., Clark & Hillyard,1996; Hillyard, Hink, Schwent, & Picton, 1973; Lange, Rösler, &Röder, 2003; Sanders & Astheimer, 2008). As for conflict-relatedprocessing, we focused on a late negativity occurring approxi-mately in the time window of 450–550 ms after stimulus onset.This late negativity has been shown in previous studies to besensitive to sensory conflicts between auditory inputs duringdichotic listening in younger adults (e.g., Bayazit, Öniz, Hahn,Güntürkün, & Özgören, 2009). Furthermore, in other cognitiveparadigms (e.g., the Stroop interference task) a modulation effectof the ERP in a similar time window was previously shown toreflect the demands of attentional control in conflict processing(e.g., Frühholz, Fehr, & Herrmann, 2009; Larson, Kaufman, &
 Perlstein, 2009; Liotti, Woldorff, Perez, & Mayberg, 2000; West &Alain, 1999) as well as attention orienting (Kanske, Plitschka, &Kotz, 2011).
 Given their higher dopamine function, we expected that Ahomozygotes of the DARPP-32 gene would show more flexibleattentional control of auditory perception than any G carriers,especially under conditions in which attentional focus conflictswith the perceptual saliency of sensory inputs. Accordingly, wealso expected that the amplitude of the late negativity (hereafterreferred as the N450) would be more strongly modulated by theextent of attentional–perceptual conflict in A homozygotes than inany G carriers.
 2. Materials and methods
 2.1. Participants
 Twenty-six right-handed younger adults participated in two testing sessions.Handedness was assessed with the Edinburgh Handedness Inventory (Oldfield,1971). After artifact rejection, one younger participant had to be excluded due to alarge number of trials (430% of total trials) that had to be rejected due tomovement artifacts. Genotyping for one additional participant failed, thus theeffective sample consisted of 24 younger adults aged 23–35 years (mean age25.972.7 years; 11 women). Mean educational level was 13.2 (72.3) years. Allparticipants were native speakers of German, gave informed consent, and werepaid for participation. The Ethics Committee of the Max Planck Institute for HumanDevelopment, Berlin, Germany, approved the study.
 2.2. Genotyping
 DNA was extracted from saliva samples collected using the Orangene™ DNAself-collection kit following standard user's instructions (DNA Genotek, Inc., 2006).The genotyping was performed at the Max Planck Institute for Molecular Genetics.The DARPP-32 (also known as PPP1R1B) gene is located on human chromosome 17.We genotyped variations in an intronic SNP (rs907094) of the DARPP-32, whichinvolved the Adenine (A) and Guanine (G) exchange (equivalent to a T to Cexchange in the complementary strand reported in some of the earlier studies (e.g.,Frank et al., 2009). Functional associations of this SNP to various cognitive functionshave been reported in previous studies (see details reviewed in Section 1.3. above).
 Genotyping was done using a commercially allelic discrimination assay (AssayID C___7452370_1 TaqMan SNP genotyping assay; Applied Biosystems, Forster City,CA, USA). Genotyping was performed in a 384-well format using TaqMan chemistry(using VIC sequence: [5′-TGAGGGGCCTGTGACATGTGGATTA-3′ and FAM sequence:5′-CTGTGGGTCCTCCTTGAGTATACGA-3′] labeled oligonucleotide probes adjacent tothe variant basepair) according to manufacturer's genotyping instruction (AppliedBiosystems). Genotypes were called after visualization and clustering using AppliedBiosystems Autocaller software v1.1. All automatically called genotype clusters wereinspected independently and blind to phenotypic status by two lab members andmanually recalled where necessary. The genotype distribution in our sample was12:10:2 (AA:AG:GG), and did not deviate significantly from the Hardy–Weinbergequilibrium (χ2o1, p40.05). Given the low number of G homozygotes, wecompared A homozygotes (n¼12) with any G carriers (n¼12).
 Importantly, the two genotype groups were comparable with respect to(i) various relevant demographic covariate measures (e.g., age, sex, and educationallevel) as well as (ii) other cognitive (e.g., measures of perceptual speed) and sensory(i.e., hearing sensitivity) covariates. Furthermore, the two genotype groups also didnot differ with respect to the genotype distributions of other genes relevant todopamine (DRD2, DRD4, COMT) and cholinergic (CHRNA4) neurotransmission (seestatistics in Table 1).
 2.3. Manipulating attentional focus and perceptual saliency during dichotic listening
 To investigate attentional control of auditory perception in conditions involvingconflicts between attention and perception, we combined the classical dichoticlistening task with manipulations of attentional focus and perceptual saliency ofconsonant–vowel (CV) syllables presented to both ears. Perceptual saliency wasvaried by gradually changing the degree of input intensity differences between theears, either favoring the right or left ear. As in the classical dichotic listening task,attentional focus was varied by instructing the participants to attend to both ears orto focus either on the right or left ear.
 The syllables consisted of three voiced (/b/, /d/, /g/) and three unvoiced (/p/, /t/,/k/) consonants that were combined with the vowel /a/. Only syllables with thesame voicing were combined, resulting in 12 different dichotic syllable pairs. Themean stimulus duration was 400 ms and the two syllables were temporally
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Table 1Comparability of the two DARPP-32 genotype groups in demographic character-istics, as well as other relevant sensory, cognitive, and genetic variables.
 DARPP-32 genotype Mean SD t p
 AgeAA 26.33
 3.140.76 0.45
 Any G 25.502.11
 Years of educationAA 12.83
 1.95−0.70 0.49
 Any G 13.502.65
 Hearing sensitivityAA 4.83
 4.38−0.75 0.46
 Any G 6.003.14
 Digit symbolAA 70.00
 13.54−0.51 0.62
 Any G 73.0015.33
 Identical picture (RT)AA 1864.99
 239.16−0.99 0.33
 Any G 1996.35387.48
 Sex Males Females χ2 PAA 6
 60.17 0.68
 Any G 75
 CHRNA4 AA Any GAA 3
 90.75 0.39
 Any G 57
 DRD2 AA Any GAA 8
 40.20 0.65
 Any G 93
 DRD4 AA Any GAA 8
 40.89 0.35
 Any G 102
 COMT Met/Met Val/Met Val/ValAA 1
 65 2.39 0.30
 Any G 45
 3
 S.-C. Li et al. / Neuropsychologia 51 (2013) 1649–16611652
 synchronized to have the same onset times for the left- and right-ear channels. Thediscriminability of the syllables was tested prior to the experiment. In the extensivebehavioral version of the task, perceptual saliency varied across 9 levels of inter-aural intensity difference by decreasing the intensity of either the right or left ear in5 dB steps until a maximum of 20 dB difference was reached (comparable toPassow et al., 2012, in press). Thus, altogether there were 4 levels favoring the leftear, L4R ([−20], [−15], [−10], [−5]), 4 levels favoring the right ear, R4L ([20], [15],[10], [5]), and one neutral (same input intensity to both ears, L¼R ([0]). The neutralcondition served as baseline intensity and was adapted to each participant'sindividual hearing threshold at 500 Hz (see Section 2.4). The dense sampling ofintensity differences in the behavioral version of the task allowed us to compute anindependently assessed measure of attentional flexibility in attending to either ear(cf. Passow et al., in press) for investigations of the gene–brain-behavior relations.
 As for the EEG version of the task, the 9 levels of inter-aural intensitydifferences in the behavioral version were reduced to 3 levels by decreasing theintensity of either the right or left ear by 10 dB to obtain more trials per condition
 to enhance the signal-to-noise ratio of EEG assessments. Thus, in the EEG version,there was one condition favoring the left ear, (L4R([−10]), one favoring the rightear (R4L ([10]), and one neutral condition with the same input intensity to bothears (L¼R ([0]). Each of the 12 dichotic syllable pairs was presented 9 times foreach of the 3 perceptual saliency levels, resulting in a total of 324 intensity-stimulus pairs for each of the three conditions of attentional focus. These trialswere further split into four testing runs of 81 trials each with a short 3-min break inbetween runs. Altogether, this resulted in a total of 972 trials for the EEGassessment.
 Attentional focus was manipulated by three different instructions (cf. Hugdahl& Andersson, 1986): In the neutral focus (NF) condition, participants were asked toreport the syllables they heard most clearly irrespective of ear of input, whereas inthe focused attention conditions they were asked to focus either on the right ear(FR) or on the left ear (FL) and report only the syllables presented to the attendedear. The NF condition was always completed first to avoid carry-over effects fromthe FR or FL conditions (Hiscock & Stewart, 1984). Afterwards, FR and FL wereintermixed and individually counterbalanced. As we simultaneously manipulatedattentional focus and perceptual saliency, the degree of attentional–perceptualconflict was systematically varied as well. When perceptual saliency and atten-tional focus favored the same ear there was no conflict; whereas there was anattentional–perceptual conflict when the attended ear and perceptual saliencyfavored opposing ears.
 2.4. Procedure
 The data were collected in two separate experimental sessions on two separatedays. In the first session, all participants first completed the extensive behavioralversion of the task. In a second session, EEG was recorded while the participantsconducted a variant of the task with 3 levels of inter-aural intensity difference. Allparticipants were screened for hearing acuity and sensitivity to inter-aural thresh-old differences for the frequencies 250, 500, 1000, 2000, and 3000 Hz by using apure-tone audiometer (MAICO Diagnostics MA 51, Berlin, Germany).
 The stimulus intensity was individually adjusted by adding a constant of 65 dBto the participant's personal hearing threshold at 500 Hz (mean of the range from0 to 1000 Hz), as the highest amplitude in all the presented CV syllables was in thefrequency range below 1000 Hz. This ensured equal extent of intensity manipula-tion across individuals. All testing was performed in a sound-attenuated booth.Presentation of the stimuli and response collection were controlled via E-Prime1.1 software run on a PC. All stimuli were presented using insert earphones (ER 3AInsert Earphone, Etymotic Research, Inc., Elk Grove Village, IL, USA).
 2.5. Electrophysiological data recording
 EEG was recorded continuously (BrainAmp DC amplifiers, Brain ProductsGmbH, Gilching, Germany) from 64 Ag/AgCl electrodes placed according to the10–10 system in an elastic cap (Braincap, BrainVision), using BrainVision Recorder.The sampling rate was 1000 Hz with a bandpass filter applied in the range of 0.01–100 Hz. EEG recordings were referenced online to the right mastoid. The groundwas positioned above the forehead. Impedances were kept below 5 kΩ. Vertical andhorizontal electro-oculograms were recorded next to each eye and below the lefteye. Using BrainVision Analyzer, the recorded data were digitally re-referenced to alinked mastoid reference. EEG recordings were bandpass-filtered (0.05–25 Hz) andsegmented into stimulus-locked time epochs of 100 ms prestimulus to 800 mspostonset. Thereafter the epochs were corrected for eye movements using theGratton and Coles algorithm (Gratton, Coles, & Donchin, 1983), and further artifactswere rejected based on a maximum admissible voltage step (50 mV), and amaximum admissible absolute difference between two values in a segment(150 mV). Across all conditions an average of 11% of the trials were rejected. Thenumber of rejected trials did not significantly differ between conditions (allp≥0.05). Baseline corrections were applied automatically on the epoched data withrespect to a 100 ms prestimulus baseline. ERPs were then obtained by separatelyaveraging across trials for each electrode and condition for each subject first, andthen across subjects.
 3. Data analysis
 The behavioral and ERP data were analyzed to examine DARPP-32 genotype effects in three main aspects: (a) the interactionsbetween attentional focus and perceptual saliency; (b) an index ofattentional flexibility; and (c) early sensory selection and laterconflict-related processing that are reflected in the ERPs. Further-more, the genotype effects on ERP components reflecting earlyauditory processing were also analyzed.
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 3.1. Analysis of behavioral data
 Genotype effects on the interaction between attentional focus andperceptual saliency in the behavioral as well as in the EEG sessionwere analyzed with respect to the auditory laterality index (LI). The LIrepresents the extent of correct right-ear (RE) reports in relation tocorrect left-ear (LE) reports (i.e., ((RE−LE)/(RE+LE)�100). It is used asan index of hemispheric lateralization in verbal processing and rangesfrom −100% to 100 % (Marshall, Caplan, & Holmes, 1975). Positive LIsindicate a right-ear advantage (REA, more reports from the right ear),whereas negative LIs indicate a left-ear advantage (LEA, more reportsfrom the left ear). The LIs for DARPP-32A homozygotes and any Gcarriers were entered in repeated-measures ANOVA with attentionalfocus (NF, FR, FL) and the perceptual saliency conditions (9 conditionsin the behavioral and 3 conditions in the EEG session) as within-subject factors and DARPP-32 genotype and sex as between-subjectfactors. Including sex as a between-subject factor did not revealsignificant main or interaction effects (all p40.05) in any of theANOVAs; thus, all subsequent analyses were performed by collapsingacross males and females. In addition, we computed a behavioralmeasure to investigate the gene–brain-behavioral relations that wastermed Selective Attention Index (ATTIndex). This measure of atten-tional flexibility was computed for the extended behavioral and EEGversions of the task. Depending on versions of the task, the ATTIndexwas computed by calculating the differences between (a) the lateralityindices in FR and NF conditions (LIFR−LINF) and (b) the laterality indicesin NF and FL conditions (LINF−LIFL) for each of the 9 (or 3) levels ofperceptual saliency. Afterwards, the differences were then summedand the mean of the summed differences was taken as an index of theextent to which the participant could selectively attend either toinputs from the right- or left-ear (cf. Passow et al., in press).Independent t-tests were used to test whether ATTIndices derivedfrom the behavioral or the EEG session differed significantly betweenthe two genotype groups.
 3.2. Analyses of EEG data
 For analyses of DARPP-32 genotype effects on cortical evokedpotentials, mean latencies and mean amplitudes of relevant ERPcomponents were entered into repeated-measure ANOVAs withconflict (conflict vs. no conflict) and attended ear (FR, FL) as within-subject factors and DARPP-32 genotype and sex as between subjectfactors. We tested for genotype effects in attention regulation ofearly auditory processing, as reflected by differences in the ampli-tude of the P1, N1 and P2 components (e.g., Clark & Hillyard, 1996;Hillyard et al., 1973; Lange et al., 2003; Sanders & Astheimer, 2008).Informed by previous findings (Ceponiene, Westerfield, Torki, &Townsend, 2008) and in line with the scalp topography of thepresent data (see Fig. 3), these analyses focused on fronto-centralsites (FCz, C1, C2). After visual inspection of the grand average ERPdata, peak amplitude of the P1, N1, and P2 were defined as the mostpositive (P1 and P2) or negative peak (N1) in the individualaverages in the following time windows: P1: 80–120 ms, N1: 120–200 ms and P2: 200–300 ms after stimulus onset. Peak latency of allcomponents in each of the conditions was indexed as the averagedtime of the individual ERP peak amplitude across trials.
 Furthermore, we were interested in analyzing DARPP-32 geno-type effects on the late N450 modulation effect, which has beenpreviously shown to reflect the deployment of attentionalresources when cognitive conflict (e.g., Larson et al., 2009; West& Alain, 1999), error monitoring (Niedeggen & Rösler, 1999) orattention orienting (Kanske et al., 2011) was involved. Previousstudies showed a more posterior distribution of the N450 compo-nent when not using the classical Stroop but other conflictparadigms (e.g., Frühholz et al., 2009; Schirmer & Kotz, 2003).Guided by these earlier findings and the scalp topography of the
 N450 modulation effect obtained in the present study (see Fig. 4),the analyses of electrophysiological data were focused on theparietal (i.e., the Pz, P3, and P4 electrodes) region of interests(ROI). Based on earlier results (Bayazit et al., 2009) and visualinspections of the grand average ERP waveform of the presentdata, ERP peak amplitudes for analyzing the N450 modulationeffect were defined as the most negative peak in the individualaverages between 450 and 550 ms after stimulus onset. Mean peakERP amplitudes in each of the conditions (i.e., conflict vs. noconflict) were parameterized as the mean voltage in a range of25 ms before and 25 ms after each individual peak across trials.The N450 modulation effect was defined as the difference betweenthe mean N450 amplitudes in conditions with attentional–percep-tual conflict and no conflict (i.e., N450high conflict−N450no conflict) inthe time window of 450–550 ms after stimulus onset. Mean N450latency in each of the conditions was indexed as the averaged timeof the individual ERP peak amplitude across trials.
 Including sex as a between-subject factor in the repeated-measures ANOVAs did not reveal any main or interaction effects(all p40.05). Therefore, sex was dropped as a factor in all analysesreported below. Mean latencies of the ERP components of interestdid not vary reliably as a function of attentional focus, perceptualsaliency, or genotype (all p40.05), and thus will not be reportedin detail. Whenever sphericity assumptions were violated(po0.05, Mauchly's test) the Greenhouse–Geisser correction wasapplied, and adjusted degrees of freedom and p values of theanalyses are reported. Effect sizes of main or interaction effects aregiven as η2, representing the proportion of variance of thedependent factor explained by the independent variable. Effectsizes of follow-up t-tests were given as Cohen's d. For all theanalyses the alpha level was set p¼0.05.
 4. Results
 4.1. Behavioral performance
 A three-way repeated-measures ANOVA with the LIs derived fromthe behavioral session as dependent variable revealed significant maineffects of attentional focus, F(1.19,26.12)¼40.84, po0.05, η2¼ .25, andperceptual saliency, F(2.15,47.26)¼120.36, po0.05, η2¼0.54. Thetwo-way attentional focus�perceptual saliency interaction, F(5.08,111.82)¼3.62, po0.05, η2¼0.01, was also significant. Of particu-lar interest are the interactions involving DARPP-32 genotype. Boththe two-way attentional focus�DARPP-32 genotype interaction, F(1.19,26.12)¼12.16, po0.05, η2¼0.07, and the three-way atten-tional focus�perceptual saliency�DARPP-32 genotype interaction, F(5.08,111.82)¼2.93, po0.05, η2¼0.01, were significant. The two-wayperceptual saliency�DARPP-32 genotype interaction was not signifi-cant (p40.05). To follow up the significant three-way interaction,separate analyses for each genotype group showed a larger effect ofattentional focus in DARPP-32 A homozygotes, F(1.05,11.60)¼32.33,po0.05, η2¼0.55, and a much weaker effect in any G carriers, F(1.43,15.75)¼9.38, po0.05, η2¼0.06. The main effect of perceptualsaliency was also significant in both groups; however, in contrast tothe effect of attentional focus, the effect was weaker in DARPP-32 Ahomozygotes, F(1.70,18.67)¼40.71, po0.05, η2¼0.37, than in any Gcarriers, F(2.68,29.45)¼85.61, po0.05, η2¼0.76. Together these pat-terns of results indicate that DARPP-32 genotype affects interactionsbetween attentional focus and perceptual saliency. In A homozygotes,the LIs clearly varied as a function of instructed task goals (i.e.,attending to the right or left ear, or attending to both), whereas inany G carriers, auditory perception was mainly driven by the percep-tual saliency of the stimulus inputs, regardless of attentional focus (seeFig. 1A).
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Fig. 1. Mean Laterality Indices across all inter-aural intensity difference conditions and for each attentional focus condition for (A) the extended behavioral version (withnine perceptual saliency conditions) of the dichotic listening task and (B) for the EEG version (with three perceptual saliency conditions) of the dichotic listening task forDARPP-32 A homozygotes (left panels) and DARPP-32 any G carriers (right panels). Error bars indicate 1 SE of the mean.
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 The three-way repeated-measures ANOVA analyzing the LIsassessed in the EEG version of the task with three levels of perceptualsaliency also revealed a similar pattern of results (compare Fig. 1B with1A). The analyses revealed significant main effects of attentional focus,F(1.23,27.09)¼30.99, po0.05, η2¼0.39, and perceptual saliency, F(1.32,29.03)¼120.36, po0.05, η2¼0.32. The two-way attentionalfocus�perceptual saliency interaction, F(1.73,30.05)¼4.79, po0.05,η2¼0.01, and of particular interest, the two-way attentionalfocus�DARPP-32 genotype interaction, F(1.23,27.09)¼4.05, po0.05,η2¼0.05, were also significant. The three-way attentional focus�perceptual saliency� genotype interaction was only marginal in thiscase (p¼0.16), presumably reflecting the more restricted range ofperceptual saliency in the EEG version of the task. Follow-up analysesof the significant attentional focus�DARPP-32 genotype interactionfor each genotype group separately revealed a larger effect of atten-tional focus in DARPP-32 A homozygotes, F(1.14,12.51)¼28.45,po0.05, η2¼0.55, and a weaker effect in any G carriers, F(1.24,13.62)¼6.38, po0.05, η2¼0.23. The main effect of perceptualsaliency was significant in DARPP-32 A homozygotes, F(1.26,13.80)¼65.22, po0.05, η2¼0.32 as well as in any G carriers, F(1.30,14.28)¼39.96, po0.05, η2¼0.34.
 In line with the results reported above, independent t-tests alsorevealed significantly higher mean ATTIndices in DARPP-32 A
 homozygotes compared to any G carriers in the behavioral session,t(16.76)¼3.55, po0.05, d¼1.45, and in the EEG session, t(22)¼2.11, po0.05, d¼0.89 (see Fig. 2A).
 Other than the above findings specific to the aims of our study,we also found the commonly observed right-ear advantage (REA)effect of auditory verbal processing (i.e., more report of verbalstimuli presented to the right relative to the left ear; see Hugdahlet al., 2003 for reviews) in the neutral focus condition of ourexperiment when both ears were presented with the same inputintensity. Specifically, we observed an effect of REA as reflected inthe main effect of ear in the behavioral session, F(1,22)¼12.90,p≤0.05, as well as in the EEG session, F(1,22)¼15.12, p≤0.05). TheREA effect, however, was not related to attentional flexibility asreflected in the selective attention indices (ps40.05) nor togenotype (ps40.05 for ear� genotype interaction).
 4.2. Relations between cortical evoked potentials and taskperformance
 At the sample level without subdividing the two genotypegroups, the mean averaged amplitude of the N1 component acrossall conditions correlated positively with the ATTIndex of thebehavioral, r¼0.49, po0.05, and EEG session, r¼0.48, po .05
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Fig. 2. (A) Mean Selective Attention Indices for DARPP-32 AA (black bars) and any G carriers (patterned bars) in the behavioral (left) and EEG (right) session. Error barsindicate 1 SE of the mean. Scatterplots showing the relations between the Selective Attention Index (ATTIndex) derived from the extended behavioral version of the task(black circles, solid line) as well as the EEG version of the task (open rhombs, dashed line) and the N1 amplitude (B) and the N450 modulation effect (C) (npo0.05).
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 (see Fig. 2B). Furthermore, we were interested in the late evokedpotential (N450), which reflects attentional regulation of conflictresolution when attentional focus conflicts with perceptual sal-iency (cf. Passow et al., in press). At the sample level, themagnitude of N450 modulation effect (i.e., the enhancement ofN450 magnitude in the conflict relative to the no-conflict condi-tion) correlated positively with the ATTIndex derived from thebehavioral session, r¼0.54, po0.05, and the EEG session, r¼0.61,po0.05 (see Fig. 2C). Individuals who showed a stronger N450modulation in response to conflicts between attentional focus andperceptual saliency also yielded higher ATTIndices. Thus, N450modulation reflected individual differences in the flexible alloca-tion of attentional control.
 4.3. Genotype Effect on N1 at frontal–central electrodes
 In light of results from earlier studies (Ceponiene et al., 2008)and the scalp topography of our data (see Fig. 3B), we focused onN1 component derived from the frontal–central electrodes. Therepeated-measure ANOVA for the entire sample revealed a sig-nificant DARPP-32 genotype effect on the N1 component, F(1,22)¼10.41, po0.05, η2¼0.32. This effect, however, did not interact withconflict (p40.05), reflecting that the N1 amplitude was larger inDARPP-32 A homozygotes than in any G carriers in all conditionsindependent of whether attentional–perceptual conflict wasinvolved (see Fig. 5). As comparisons, we also analyzed two otherearly auditory evoked potentials: In contrast to N1, no genotypeeffects were found for the P1 and P2 components, ps40.05 (seeFig. 3A and C).
 4.4. Genotype Effect on N450 at parietal electrodes
 Guided by previous studies showing a more posterior distribu-tion of the N450 when not using the classical Stroop but otherconflict paradigms (e.g., Frühholz et al., 2009; Schirmer & Kotz,2003) and the scalp topography from our data (see Fig. 4), wefocused on N450 component derived from parietal electrodes.Results of the repeated measures ANOVA revealed a main effect ofconflict, F(1,22)¼13.66, po0.05, η2¼0.03, and a trend for aconflict�DARPP-32 genotype interaction, F(1,22)¼2.39, p¼0.09,η2¼0.01. As most methods of multiple comparisons, includingTukey's test, can be applied regardless of whether the F test issignificant (Ryan, 1959a, 1959b; Wilcox, 1987), we followed up themarginally significant interaction separately for the two genotypegroups. The results indicated a main effect of conflict in DARPP-32
 A homozygotes, F(1,11)¼29.71, po0.05, η2¼0.11, but not in any Gcarriers, p40.05. Follow-up t-test in A homozygotes revealed asignificantly larger N450 in conditions involving conflict betweenattentional focus and perceptual saliency than in conditions with-out such conflicts, t(11)¼−2.37, po0.05, dz¼0.68 for the attendingright condition and t(11)¼−3.36, po0.05, dz¼0.97 for the attend-ing left condition (see Fig. 6).
 5. Discussion
 The present study provides novel evidence for an associationbetween the DARPP-32 gene (SNP rs907094) and attentionalcontrol of auditory perception. Effects of the DARPP-32 genotypewere observed in behavioral measures reflecting the flexibility ofattentional control and cortical evoked potentials associated withattention for early sensory selection (N1 amplitude) and up-regulation of cortical activity for conflict resolution (N450 ampli-tude). At the behavioral level, the A homozygotes of this gene, whobased on past evidence are characterized by higher mRNA expres-sion and better striatal D1 receptor function (Calabresi et al., 2000;Fienberg et al., 1998; Meyer-Lindenberg et al., 2007), were moreflexible in selectively attending to either ear dependent on taskrequirements. In contrast, any G carriers were less able to regulatetheir attention according to task demands. As a result, theirperformance was primarily driven by the perceptual saliencyregardless whether saliency was in conflict with the currenttask goal.
 At the brain level, DARPP-32 (SNP rs907094) genotype alsoinfluenced the amplitude difference between the conflict and noconflict condition of the N450, a late negativity peaking around450 ms after stimulus onset. Of particular interest, the A homo-zygotes who showed more flexible attentional control also showedan attention-related modulation of the N450, whereas the any Gcarriers did not. In addition, A homozygotes also showed larger N1amplitudes than any G carriers, independent of attentional–per-ceptual conflict. Both the N450 and the N1 amplitudes correlatedwith behavioral measures of attentional control, confirming theinternal validity of the observed ERP genotype differences. As it isthe case for candidate gene association studies, given the smallsize of our sample, the associations among the DARPP32 gene,behavior, and ERP components found in this study need to bereplicated with independent samples before drawing firm conclu-sions. With this caveat in mind, we discuss some potentialimplications of the present results.

Page 8
						

Fig. 3. Topographical voltage maps of the grand average ERP waveforms averaged across all conditions in the time window of (A) the P1, i.e., 80–120 ms, (B) the N1, i.e., 120–200 ms, and (C) P2, i.e., 200–300 ms. Maps display top views of the scalp distribution for A homozygotes (left) and any G carriers (right). Based on the observed topographicalmap, the fronto-central (FCz, C1, C2) region of interest was used to define the three early EPR components (see main text for details).
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Fig. 4. Topographical voltage maps of the difference waveforms between high minus low attentional control demand conditions in the time window of the N450 modulationeffect, i.e., 450–550 ms. Maps display back views of the scalp distribution for A homozygotes (left) and any G carriers (right). Based on the topographical map, the parietal (Pz,P3, P4) region of interest was used to derive the N450 component (see main text for details).
 Fig. 5. Grand averages of the stimulus-locked event-related potential (ERP) waveforms at frontal–central electrodes highlighting the N1 component for DARPP-32 Ahomozygotes (left) and DARPP-32 any G carriers (right) separately for focused-right (FR, upper panel) and focused-left (FL, lower panel) conditions. ERPs are shown as afunction of inter-aural intensity difference: right ear4 left ear and left ear4right ear.
 S.-C. Li et al. / Neuropsychologia 51 (2013) 1649–1661 1657
 5.1. DARPP-32 genotype effect and dopamine's role in attentionalcontrol of auditory perception
 The present findings complement the results of other studiesindicating that variations in dopamine functioning influence work-ing memory (e.g., Cools et al., 2004; Frank et al., 2001; Landauet al., 2005; Lewis et al., 2003; McNab & Klingberg, 2008),executive control (e.g., Hesse et al., 2009; Siessmeier et al., 2006;Vernaleken et al., 2007; Volkow et al., 2007), and selectiveattention (e.g., Gorgoraptis et al., 2012; Kähkönen et al., 2001;Shelley et al., 1997). Human studies of striatal dopaminergicmodulation of attention primarily investigated attentional control
 in the context of complex visual perception, such as video games(Koepp et al., 1998) and affective scenes (Siessmeier et al., 2006),or in the context of other cognitive processes such as Stroopinterference (Vernaleken et al., 2007), visual attention as assessedby the Trail-Making test (Meyer-Lindenberg et al., 2007) and theattentional blink effect (Colzato et al., 2011). Our findings ofDARPP32 genotype effects on the behavioral performance andcortical evoked potentials that reflect attentional control of audi-tory perception when processing competing sensory informationextend these previous findings. Specifically, our finding of Ahomozygotes performed better and showed a larger amplitudeof the late N450 component in conditions that demanded more
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Fig. 6. Grand averages of the stimulus-locked event-related potential (ERP) waveforms at parietal electrodes highlighting the N450 modulation effect for DARPP-32 Ahomozygotes (left) and DARPP-32 any G carriers (right) separately for focused-right (FR, upper panel) and focused-left (FL, lower panel) conditions. ERPs are shown as afunction of inter-aural intensity difference: right ear4 left ear and left ear4right ear. Insets indicate mean ERP amplitude separately for each genotype group across conflictand no conflict conditions in FR and FL conditions. Error bars indicate 1 SE of the mean.
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 selective attention lend further support to earlier results showingpharmacological effects of dopamine antagonist (Kähkönen et al.,2001; Shelley et al., 1997) and agonist (Gorgoraptis et al., 2012) inmodulating selective auditory and visual attention. The late N450amplitude modulation effect found in the current study parallelseffects of dopamine antagonists on later processing negativity (i.e.,at least 200 ms after stimulus onset) that was associated withmore complex attentional deployment (Kähkönen et al., 2001;Shelley et al., 1997). Together these findings indicate that dopa-mine is critically involved in later stages of selective attention.
 Work with animal models indicates that striatal dopaminesignals sharpen neuronal selectivity in the auditory cortex (Baoet al., 2001). Neurocomputational studies have also demonstratedthat the dopaminergic tuning of the signal-to-noise ratio ofinformation processing can affect the representational distinctive-ness of representations in associative memory (Li, Lindenberger, &Sikström, 2001; Li, Naveh-Benjamin, & Lindenberger, 2005), work-ing memory (Li & Sikström, 2002), and perception (Li, von Oertzen,& Lindenberger, 2006). In the present study, the performance ofany G carriers of the DARPP32 gene was primarily driven by theperceptual saliency of the syllables when processing competingauditory inputs, regardless of the task relevance of the informa-tion. Taken together, the available evidence suggests that striataldopaminergic modulation of auditory processing affects the qual-ity of perceptual representations (cf. findings for visual processing,Desimone & Duncan, 1995; Reynolds & Desimone, 2003). Lessstriatal dopamine modulation, as in animals processing auditorystimuli that were not coupled with the VTA stimulation (Bao et al.,2001), older adults (Passow et al., 2012a, in press), or, by analogy,in DARPP-32 any G carriers, may result in less distinctive repre-sentations of the competing auditory inputs in the auditory cortex,which add further demands for top-down attentional control.Furthermore, the observed DARPP-32 genotype effects are most
 likely not specific for the auditory domain. Instead, we think thegenotype-based group differences may reflect the genotype effecton the functional interaction between frontal and striatal regions(e.g., Meyer-Lindenberg et al., 2007). We speculate that less striataldopamine signaling, as shown by Bao et al. (2001) in animalswithout VTA stimulation during auditory processing, might lead toless distinctive representations that could add further demands fortop-down attentional control. Future studies should investigatewhether DARPP-32 genotype differences could also be found in ananalog visual attentional control task.
 5.2. Genetic correlates of cortical evoked potentials
 The amplitude of early cortical evoked potentials, such as theN1 component, has been shown to be associated with attentionalenhancement of early sensory selection of auditory inputs fromthe attended locations or channels (e.g., Hansen & Hillyard, 1980;Hillyard et al., 1973) or inputs that appeared in the attendedtemporal intervals (e.g., Astheimer & Sanders, 2009; Lange et al.,2003; Lange & Röder,. 2006; Sanders & Astheimer, 2008). Theeffects of attentional control incurred, for instance, by stimuluscompetition, stimulus–response conflict or error detection, aremore commonly observed in an ERP modulation effect around400–550 ms after stimulus onset (Frühholz et al., 2009; Larsonet al., 2009; Liotti et al., 2000; Niedeggen & Rösler, 1999; West &Alain, 1999). Our findings suggest that the DARPP-32 gene isassociated with the amplitude of these components. In compar-ison to any G carriers, A homozygotes of the DARPP-32 geneshowed larger N1 amplitude and N450 modulation effects. Thegenotype effect on the later N450 component was modulated bythe extent of attentional–perceptual conflict, whereas the effect onthe early N1 component was independent of this conflict. This is inline with earlier studies reporting that the effects of attentional
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 demands are usually not observed in earlier cortical evokedpotentials (i.e. the P3; Duncan-Johnson & Kopell, 1981). Of parti-cularly interest, our findings show that dopamine signaling mod-ulates the early sensory selection process as reflected in N1 andthe later conflict-related process as reflected in N450.
 5.3. Effects of dopamine genes on attentional aging
 It is well established that various aspects of dopaminergicmodulation decline substantially during the course of usual aging(see Bäckman et al., 2000; Volkow et al., 1998; see Bäckman,Nyberg, Lindenberger, Li, & Farde, 2006 for recent review). Usingthe same experimental paradigm, we recently have shown thatolder adults, relative to younger adults, are less able to focus theirattention on the attended ear; rather, their performance isprimarily driven by the perceptual saliency of the auditory inputs(Passow et al., 2012a). Relatedly, the N450 component as well asthe conflict modulation effect of this component was not discern-ible in older adults (Passow et al., in press). In the present study,younger any G carriers of the DARPP-32 gene showed the N450component, but a weaker conflict-related modulation of its ampli-tude. It would be of interest to examine potential interactionsbetween the effects of normal aging and genetic predispositions(Lindenberger, Nagel, Chicherio, Li, Heekeren, & Bäckman, 2008;Nagel et al., 2008) on the dopaminergic contributions to atten-tional control in future investigations.
 5.4. Conclusion
 The present findings suggest that genetic variation in theDARP32 gene, which affects the efficacy of striatal dopaminesignaling, is associated with cortical evoked potentials reflectingearly sensory selection and later conflict-related attentional con-trol processes as well as with individual differences in attentionalcontrol over auditory perception. These findings corroborate therole of striatal dopamine in attention, and extend the effects ofDARPP-32 gene to the attentional control of basic auditoryperception. The DARPP-32 genotype effects on attentional controlobserved here are likely to interact with other dopamine-relevantgenes as well as genes relevant for other transmitter systems,such as the cholinergic system (Espeseth, Endestad, Rootwelt, &Reinvang, 2007). Interactions between dopamine and other trans-mitter systems need to be explored in future studies with largersamples.
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