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Abstract: Recent evidence suggests that genetic variation is associated with individual variability in response to treatment 

with antipsychotics. Although numerous studies have been performed for identification of potential genetic variants af-

fecting response to treatment, initial enthusiasm has been tempered by inconsistent results. Along with some specific 

methodological issues, another plausible explanation for such inconsistencies is lack of sensitivity of the phenotype (clini-

cal measures) used to define response. In this paper, we review use of Imaging Genetics, a relatively new approach that 

combines genetic assessment with functional neuroimaging, to explore in vivo neurobiological effects of genetic variation. 

Moreover, we propose to use Imaging Genetics as a tool to evaluate and predict response to treatment with antipsychotics 

based on the individual genetic makeup. 

INTRODUCTION 

 The field of pharmacogenetics hypothesizes that individ-
ual variability in response to antipsychotic drugs may be 
influenced by genetic factors [1]. Evidence from twin and 
family studies [2-9] indicates that this variability may be a 
heritable trait. However, in the absence of systematic epide-
miological studies, it has not been possible to estimate the 
proportion of total variance in antipsychotic response due to 
genetic variation. Likewise, a growing body of studies is 
providing evidence for associations between specific gene 
variants and response to treatment with antipsychotics, al-
though the partial reproducibility of the results [10].  

 In the present paper, we will illustrate the reasons why 
we believe an approach that combines genetic assessment 
with functional neuroimaging, allowing evaluation of spe-
cific gene effects on brain function (so called “imaging ge-
netics”), may provide powerful insights complementary to 
clinical information to elucidate the complex relationship 
between genetic variation and response to antipsychotic 
treatment.  

GENETIC VARIATION AND RESPONSE TO ANTIP-

SYCHOTICS 

 Because of the well-documented involvement of dopa-
mine dysfunction in the pathophysiology of schizophrenia 
[11-13] and in mediating antipsychotic activity [14], in the 
following section, we are going to review significant find-
ings from pharmacogenetic studies that have investigated the 
association between genetic variants modulating dopamine 
signaling and response to treatment with antipsychotics.  

*Address correspondence to this author at the Dipartimento di Scienze 

Neurologiche e Psichiatriche, Università degli Studi di Bari, Piazza Giulio 

Cesare, 9, 70124, Bari, Italy; Tel: +39 080 5478572; Fax: +39 080 5593204; 

E-mail: a.bertolino@psichiat.uniba.it  

 The dopamine D2 receptor gene (DRD2) is a logical can-
didate for pharmacogenetic studies in schizophrenia given 
that clinical efficacy of both first and second generation an-
tipsychotics is, at least in part, mediated by D2 antagonism. 
The DRD2 gene is located on chromosome 11q22-23, and 
consists of eight exons separated by seven introns [15]. Al-
ternative splicing of a 29 amino acid sequence in the third 
cytoplasmic loop results in two variants: the short (D2S), 
which is mainly a pre-synaptic autoreceptor and the long 
(D2L), which is mainly postsynaptic [16]. Several DRD2 
allelic isoforms have been associated with schizophrenia risk 
as well as with response to first- [17-21] and second- genera-
tion antipsychotics [22-25] with an overall Odd Ratio (OR) 
ranging from 2.6 to 6.7 [26].  

 The first D2 pharmacogenetic studies focused on the 
Taq1 A1 polymorphism, which has been associated with 
reduced D2 dopamine receptor binding affinity [27], and 
lower dopamine receptor density in the striatum [28]. Recent 
evidence indicates that the TAq1 A1 is not exactly a DRD2 
polymorphism, but that it alters an aminoacid in a protein 
kinase gene (ankyrin repeat and kinase domain containing 1; 
ANKK) identified in a less than 10 Kb downstream region of 
the DRD2 locus [29]. We have decided to keep referring to 
this variant as the DRD2 Taq1 A1 polymorphism, because 
this agrees with the nomenclature used in the majority of 
published studies to date. Two studies have documented im-
provement in positive symptoms in heterozygotes and carri-
ers of the A1 allele [19, 30, 31], together with a consistent 
finding of positive association between A2/A2 genotype and 
failure to respond to risperidone [32]. The Taq1 A polymor-
phism has also been associated with risk of tardive dyskine-
sia, with the A2 allele conferring greater risk (see Bakker et 
al. 2008 for meta-analysis) (OR:1.3-2.1) [26].  

 Another polymorphism extensively investigated is the -
141-C Ins/Del within the promoter region of DRD2 gene. In  
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particular, two independent studies have reported that the 
Del allele is associated with reduced improvement in psy-
chotic symptoms after antipsychotic treatment [18, 21], 
while other studies have reported negative findings [33]. 
Furthermore, conflicting reports associated the -141-C 
Ins/Del polymorphism with lower D2 expression in vitro 
[34], and higher D2 density in the striatum in vivo [28], mak-
ing it difficult to discern a plausible biological explanation 
for this finding. Interestingly, a haplotype analysis including 
these two DRD2 genetic variants has demonstrated a trend 
towards better improvement for patients with schizophrenia 
carrying the Ins-A2/Ins-A2 diplotype rather than those with 
the Ins-A2/Del-A1 [35].  

 Recently, Lencz et al. (2006) studied a cohort of drug-
naïve schizophrenic patients to minimize heterogeneity asso-
ciated with prior treatments. All patients were genotyped for 
two DRD2 promoter polymorphisms including the -141 
Ins/Del and the A-241G, another single base pair mutation. 
Patients were randomly assigned to receive 16 weeks of 
treatment with either risperidone or olanzapine. The study 
revealed faster time to response among carriers of the -241G 
allele compared to AA homozygotes, and slower time among 
carriers of the -141CDel allele relative to Ins/Ins homozy-
gotes. Diplotype analysis demonstrated a similar response 
pattern, with the slowest response being among Del carriers 
with no G alleles [25].  

 Finally, a few pharmacogenetic studies have investigated 
the relationship between a DRD2 single nucleotide polymor-
phism (SNP) resulting in a serine to cysteine change at ami-
noacid 311 (Ser311Cys) and antipsychotic drug response. 
Only one study described an association between Ser/Cys 
genotype and improvement in negative subscore of PANSS 
(Positive and Negative Symptom Scale) after risperidone 
treatment [24]. However, the neurobiological significance of 
these findings is unclear because it is still unknown whether 
any of these polymorphisms is functional. More recently, 
three novel SNPs in the DRD2 gene have been identified 
[36]: rs12364283 (T/C), which is localized in the promoter 
region, and two intronic SNPs in high linkage disequilib-
rium, rs2283265 (G/T) and rs1076560 (G/T). The C-allele of 
rs12364283 SNP is associated with increased D2 expression 
in striatum and PFC in humans, whereas the T-allele of both 
intronic SNPs shifts the D2 splicing ratio towards the D2L 
isoform. These functional polymorphisms contribute to 
negative symptoms (weakly) and to risk for prefronto-striatal 
dysfunction during working memory (WM) in schizophrenia 
[37]. Moreover, these three SNPs are in high linkage dise-
quilibrium with the above described polymorphisms. There-
fore, it is possible that these three SNPs also contribute to 
response to treatment with antipsychotics, but specific stud-
ies are needed to address this possibility.  

 Dysfunction in the dopamine D3 receptor (D3) has long 
been implicated in pathogenesis of schizophrenia (see [38] 
for review). The DRD3 gene maps to chromosome 3q13.3. 
Within the gene there is a common, non-synonymous coding 
polymorphism in exon 1. The single base change encodes for 
either a serine to glycine at the ninth amino acid of the N-
terminal extracellular domain (Ser9Gly; rs6280) [39]. Geno-
types of this variant have reported to show differential affin-
ity for dopamine [40], making it an intriguing functional 

candidate polymorphism. Since the initial study reporting an 
association with schizophrenia [41], this polymorphism has 
been among the most investigated variants in pharmacoge-
netic studies.  

 Three studies have reported association of DRD3 
Ser9Gly genotype with general improvement in psychotic 
symptoms following treatment with first- and second-
generation antipsychotics [42-44], while three other studies 
have reported association with specific improvement in posi-
tive symptomatology [45-47] (OR= 1.4-4.7) [26]. In vitro 
studies indicate higher dopamine binding affinity in the Gly 
variant. Nevertheless, the biological interpretation of this 
observation is difficult, as the Gly variant has been mostly 
associated with good response in Caucasian patients [43, 44, 
47] but also with poor response in Chinese patients, suggest-
ing that linkage disequilibrium (LD) status with another 
functional polymorphism may explain the different associa-
tions with response.  

 The dopamine D4 receptor gene (DRD4) is located on 
chromosome 11p15.5 [48], and contains a remarkable num-
ber of polymorphic regions. Studies examining the possibil-
ity that specific DRD4 genetic variants are associated with 
schizophrenia have yielded a number of negative or weak 
results [49-59]. Only a few studies have reported positive 
association between a hypervariable region in the third exon 
of the DRD4 gene, consisting of 2-10 imperfect 48 base pair 
repeats [60] and response to the antipsychotics clozapine and 
risperidone [21, 61, 62] (OR= 2.63) [26]. However, these 
studies were of moderate size and further confirmation in 
larger samples is required. Three other independent studies 
failed to support this association [63-65]. 

 Given that there are no therapeutic drugs that specifically 
target the D1 and D5 receptors, polymorphisms in the coding 
genes have been of relatively minor interest for pharmacoge-
netic studies.  

 The dopamine D1 receptor gene (DRD1) is located at 
chromosome 5q35.1 and contains two exons separated by a 
small intron in the 5X untranslated region [15, 66]. Hwang et 
al. (2007) recently investigated the effect of four DRD1 
SNPs on clozapine response in two distinct samples of pa-
tients with schizophrenia, including both Caucasians and 
African Americans refractory or intolerant to conventional 
antipsychotics. In the Caucasian sample, no associations 
were observed for individual SNP tests. However, a rare 
three-marker haplotype predicted poor response. In the Afri-
can American sample, the rs265976 variant and another 
three-marker haplotype were associated with clozapine re-
sponse. Although the authors did not find an association be-
tween the rs4532 SNP (-48 A/G, recognized by a DdeI re-
striction cut site) and clozapine response as reported by Pot-
kin et al. (2003)[67], they observed a trend in the same di-
rection, and suggested that the rs4532 SNP may have a small 
effect on antipsychotic drug response [68]. 

 The dopamine D5 receptor gene (DRD5) maps on chro-
mosome 4p15.1–p15.3 and contains a highly polymorphic 
dinucleotide repeat region [69]. No study, to date, has re-
ported association of DRD5 allelic variants and diagnosis of 
schizophrenia as well as with response to antipsychotics. 
However, recent observations of a functional interaction be-
tween D5 and  amino-butyric acid (A) receptors [70], may 
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form the basis to study genetic interactions of these receptors 
in schizophrenia and drug response. 

 Because of the importance of the dopamine system in 
antipsychotic activity, genetic variants regulating dopamine 
availability, including Catechol-O-Methyl Transferase 
(COMT) and Dopamine Transporter (DAT) genes, may rep-
resent intriguing “candidate” targets for pharmacogenetic 
studies. 

 COMT protein catalyzes the methylation of catechola-
mines such as dopamine and norepinephrine, and is abun-
dantly expressed in the prefrontal cortex (PFC) [71]. Consis-
tently, evidence from both genetic and pharmacological stud-
ies indicates that COMT activity modifies dopamine levels 
in the PFC [72-74] and related cognitive functions. COMT 
activity in humans is modulated, among others, by a com-
mon single nucleotide polymorphism (SNP; G->A; rs4680) 
in the COMT gene (location: 22q11.2), that leads to a substi-
tution of valine into methionine at codon 158 (Val158Met). 
The Met variant is thermolabile and shows decrease of do-
pamine-degrading activity relative to the Val variant at body 
temperature, thus resulting in greater dopamine levels.  

 Although early reports suggested a positive association of 
COMT Val158Met polymorphism with schizophrenia, recent 
metanalyses have indicated a weak and inconsistent effect of 
this SNP on risk for this disorder [75, 76]. However, other 
studies have indicated that rs4680 is not the only functional 
variant within COMT [77, 78] and that disregarding potential 
epistatic effects of COMT with other genes may seriously 
undermine the power of association studies to detect signifi-
cant results [79]. Moreover, it has been suggested that 
rs4680 may affect severity of psychotic symptoms and re-
sponse to antipsychotic treatment. More specifically, Ste-
fanis et al. (2004) reported in a large sample of healthy sub-
jects a positive association between COMT Val158Met 
polymorphism with measures of schizotypy. The high activ-
ity Val allele resulted significantly associated with the nega-
tive and disorganization schizotypy factor scores at the SPQ 
(Schizotypal Personality Questionnaire), suggesting that 
COMT genotype may affect expression of negative schizo-
typy by effects on dopamine neurotransmitter signaling [80]. 
Molero et al. (2007) also found an influence of the COMT 
Val158Met polymorphism on severity of psychotic symp-
toms in patients with schizophrenia spectrum disorders. In 
this study, patients were genotyped for rs4680 and for other 
SNPs, including rs737865, rs4633, rs6267, and rs165599. 
Diagnosis of schizophrenia was significantly associated with 
genotypes GG (Val/Val) for rs4680 and TT for rs4633. 
Val/Val patients showed a higher severity of the psychotic 
symptoms together with worse response to treatment with 
both first- and second- generation antipsychotics [81]. 

 Consistent with these studies [80, 81], Bertolino et al. 
(2007) recently demonstrated that patients with schizophre-
nia homozygous for the Met allele have greater frequency 
and faster timing of clinical response in terms of negative 
symptoms during treatment with olanzapine. Val/Met  
patients have intermediate response and Val/Val patients are 
less likely to respond. On the other hand, this polymorphism 
was not associated with differential responses in other symp-
toms clusters evaluated with the PANSS. The authors sug-
gested that Met/Met patients may have greater benefit from 

treatment with olanzapine because they are slower in inacti-
vating dopamine in PFC [82]. 

 The COMT Val158Met polymorphism has been also re-
ported to predict behavioral performance in WM (N-back) 
and in executive function tasks [Wisconsin Card Sorting Test 
(WCST), attentional control] in healthy subjects with Val 
homozygotes showing lowest performance relative to het-
erozygotes and Met homozygotes [83-85]. Consistent with 
these results, a few studies have also addressed whether in-
dividual variability of changes in cognitive behavior associ-
ated with antipsychotic treatment is differentially affected by 
COMT Val158Met polymorphism. Weickert et al. (2004), 
analyzed the interaction between COMT Val158Met poly-
morphism and four weeks first- and second- generation an-
tipsychotic treatment on accuracy during a N-back WM task 
in patients with schizophrenia and schizoaffective disorder, 
in a crossover design with placebo [86]. They found that 
patients homozygotes for the Met allele showed better per-
formances and greater improvement in WM accuracy when 
compared to heterozygotes and Val homozygotes who did 
not show significant change after treatment. The authors did 
not find any relationship with other cognitive phenotypes as 
well as with clinical symptoms (PANSS scores). In another 
study Bertolino et al. (2004) analyzed the effect of COMT 
Val158Met genotype both on symptom variation and WM 
performance (N-back task) following 8 weeks of treatment 
with olanzapine in patients with schizophrenia. The authors 
demonstrated that Met allele load predicted improvement in 
WM performance and improvement in negative symptoms 
after 8 weeks of treatment [82].  

 The ~64 kb DAT1 gene (SLC6A3) that encodes DAT 
includes 15 exons separated by 14 introns [87]. The DAT 
protein critically regulates duration of synaptic levels of do-
pamine and the extent to which dopamine diffuses in the 
extracellular space. Expression of DAT is abundant in the 
striatum where it is mostly found in synapses [88, 89]. A 
functional variable number of tandem repeat (VNTR) poly-
morphism in the 3 - untranslated region of the DAT gene has 
been described previously [90]. Alleles of this polymor-
phism range from 3 to 11 repeats, with the 9- and 10-repeat 
alleles by far the most common [90]. Compared with the 9-
repeat allele, the 10-repeat allele has been associated with 
increased gene expression both in vitro [91] and in vivo [92], 
although reports of the opposite allelic associations have also 
appeared [93]. A more recent study under carefully con-
trolled experimental conditions, using the DAT protein itself 
as the reporter signal, demonstrated the 10-repeat allele be-
ing associated with greater expression [94]. The possible 
association between the DAT1-VNTR polymorphism and 
schizophrenia has been widely studied but no association in 
different ethnic groups has been established. Moreover, no 
associations have been reported between DAT1 genetic vari-
ants, including the VNTR polymorphism, and response to 
first [95, 96] and second generation antipsychotics [44, 96]. 

 In summary, there is evidence that pharmacogenetics of 
dopamine genes expressed in the brain might be helpful to 
explain at least part of the individual variability in clinical 
and cognitive/behavioral response to treatment with antipsy-
chotics. Even though some studies report fairly consistent 
results for some genes (for example, COMT), others do not. 
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The lack of specific knowledge regarding whether the vari-
ants investigated are functional or not and the limited num-
ber of studies performed suggest caution in interpreting re-
sults as definitive for understanding of the complex relation-
ship between individual genetic factors and response to 
treatment. 

 It is plausible to hypothesize that some of the above is-
sues are correlated with the choice of the phenotype investi-
gated. The clinical phenotype of schizophrenia is highly 
complex and variable. Measurement of the clinical symp-
toms of schizophrenia is still based on subjective rating 
scales scores. Moreover, these scores may reflect an interac-
tion between multiple psychopathological domains making it 
highly unlikely that they can be explained by any single spe-
cific neurobiological mechanism or genetic variant. All these 
limitations have prompted investigators to look for other 
phenotypes. 

Functional Imaging and Response to Treatment with 

Antipsychotics  

 In vivo functional neuroimaging, functional magnetic 
resonance imaging (fMRI) and positron emission tomogra-
phy (PET), is becoming increasingly important in defining 
the pathophysiology of psychiatric disorders, including 
schizophrenia. Recent studies have also begun to investigate 
the possibility of using functional neuroimaging to shed light 
on the neural basis of response to specific treatments, with 
the aim to guide treatment selection for individual patients. 
However, the practical limitation of such studies is that the 
post-treatment scans offer little guidance to treatment selec-
tion in clinical settings, since treatment decisions precede the 
availability of post-treatment brain scans. This shortcoming 
represents the impetus for developing new methodology that 
would provide clinicians with predictive information con-
cerning the effect of treatment on brain activity and, ulti-
mately, symptom-related behaviors. In this section we will 
review the most consistent functional imaging findings rela- 
ted to changes in brain physiology associated with treatment 
with antipsychotic medications in patients with schizophre-
nia. 

 PET has been used to evaluate the effect of single dose 
and of long-term treatment with antipsychotics on brain glu-
cose metabolism or blood flow. Liddle et al. (2000) used 
18

Fluoro-deoxyglucose PET to measure the effect of risperi-
done on glucose metabolism in a small cohort of patients 
with schizophrenia. The authors showed that a single dose 
induced glucose metabolism reduction in ventral striatum, 
thalamus, and frontal cortex and that this decrement was also 
associated with improvement in positive symptoms (halluci-
nations and delusions) [97]. Bartlett et al. (1998) measured 
glucose metabolism with the same tracer in patients with 
schizophrenia who had been earlier deemed to be responsive 
or non-responsive to treatment with antipsychotics. Subjects 
were scanned with PET the first time after a 3-week drug-
free period and the second time 12 hours after a single-dose 
of haloperidol. The results indicated diffuse reductions of 
brain glucose metabolism after haloperidol challenge in non-
responders compared with responders [98]. 

 Other studies have addressed the long-term effects of 
antipsychotic treatment. Molina et al. (2003), using again 

18
Fluoro-deoxyglucose PET found that 6 months risperidone 

treatment in patients with schizophrenia was associated with 
slight increases from baseline of glucose metabolism in pri-
mary visual area and in right insula [99]. Using the same 
technique these authors studied also treatment-resistant pa-
tients with schizophrenia at baseline and after 6 months of 
treatment with clozapine, reporting reduction of basal gan-
glia and increase of occipital glucose metabolism after drug 
treatment [100]. However, because of the intrinsic limita-
tions of this radiotracer activity and consequent detection by 
the PET camera, these studies were performed during resting 
conditions (in the absence of any specific cognitive chal-
lenge), thus possibly limiting understanding of the functional 
implications of differential metabolism associated with an-
tipsychotic treatment.  

 Some other studies have been performed using specific 
cognitive challenges allowing more specific investigation of 
the relationship between changes in brain activity and behav-
ioral correlates during treatment. For example, Lahti et al. 
(2004) used a tone discrimination task and 

15
Oxygen H2O 

PET to evaluate regional cerebral blood flow in patients with 
schizophrenia and healthy volunteers. Patients were scanned 
after a mean of 19 days of withdrawal from antipsychotics 
and again while receiving clozapine and/or haloperidol 
treatment. The authors reported abnormal activity of the an-
terior cingulate cortex during the off-drug condition, while 
treatment with clozapine, but not with haloperidol, normal-
ized activity in this brain area [101]. Molina et al. (2005) 
used 

18
fluoro-deoxyglucose PET in patients with schizophre-

nia being treated either with first generation antipsychotics 
or risperidone, and again while subjects were under 17-24 
weeks of treatment with olanzapine trying to minimize the 
limitation associated with decay radioactivity by challenging 
subjects with the Continuous Performance Test (mainly 
evaluating sustained attention). No significant change was 
found comparing regional cerebral blood flow before and 
after treatment [102]. In another study, Buchsbaum et al. 
(2007) using the same radioligand and the same cognitive 
paradigm evaluated the effect of 8-9 weeks of treatment with 
haloperidol or olanzapine in a cohort of never-previously 
medicated psychotic adolescents. The authors reported that 
patients treated with olanzapine showed increased relative 
metabolic rates in the frontal lobe more than in the occipital 
lobe, while patients treated with haloperidol failed to in-
crease frontal metabolic rates and did not show an anterior-
posterior metabolic gradient in medication response. Moreo-
ver, haloperidol increased striatal metabolic rate more than 
olanzapine. These results are consistent with a normalization 
of prefrontal metabolic rate with olanzapine, but not with 
haloperidol. Based on individual differences observed in 
brain metabolism, the authors propose that first generation 
antipsychotics may be of greater efficacy in patients with 
low metabolic rate in the striatum while other patients may 
be more favourably affected by olanzapine [103].  

 fMRI studies have been generally consistent with these 
earlier PET studies suggesting functional changes associated 
with antipsychotic treatment, especially in brain areas in-
volved in specific cognitive functions. Several fMRI studies 
have investigated the effect of switching treatment from 
conventional to atypical antipsychotics on brain activity. In 
particular, Honey et al. (1999) demonstrated that switching 



2564    Current Pharmaceutical Design, 2009, Vol. 15, No. 22 Di Giorgio et al. 

treatment from haloperidol to risperidone in a cohort of pa-
tients with schizophrenia was associated with increased ac-
tivity in PFC, supplementary motor area and parietal cortex 
during performance of a WM task, independent of sympto-
matic change. The authors suggested that this effect was pos-
sibly associated with relatively reduced D2 receptor antago-
nism of risperidone relative to haloperidol [104]. In contrast, 
Schlagenhauf et al. (2008) demonstrated that switching pa-
tients from conventional neuroleptics to olanzapine did not 
significantly alter frontal and parietal activity during WM 
[105]. Using a cross-sectional design, Braus et al. (1999) 
also found difference in functional activity between patients 
treated with typical and atypical antipsychotics in motor cor-
tex [106].  

 Two further fMRI studies have analyzed the effect of 
antipsychotic treatment on activity of the motor network, 
previously found to be abnormally lateralized in schizophre-
nia [107]. In the first, Stephan et al. (2001) studied a small 
sample of patients with schizophrenia and healthy subjects 
twice while they were performing a finger-tapping task dur-
ing scanning. Patients were studied while drug-free and 
again after 3 weeks of treatment with olanzapine. Findings 
from this study suggested changes in cerebellum functional 
connectivity (CFC): in particular, olanzapine administration 
was associated with changes in CFC with PFC and medio-
dorsal thalamus. Furthermore, olanzapine treatment tended 
to preferentially ‘normalize’ activity in the right hemisphere 
[108]. In another study, Bertolino et al. (2004) administered 
a visually paced motor task during fMRI to patients with 
schizophrenia who had been drug free for at least two weeks 
at 4 and 8 weeks of treatment with olanzapine. They reported 
reduced activity of the primary sensory motor cortex after 4 
relative to 8 weeks of treatment. Similar analysis on healthy 
subjects performing the task at two time points with a similar 
time interval did not show any effect in the sensory motor 
cortex. Analysis of the first time point showed an effect of 
diagnosis, in that patients had reductions of sensory motor 
cortex activity relative to controls; on the other hand, no ef-
fect of diagnosis was found at 8 weeks. However, lateraliza-
tion of the cortical motor network remained reduced in pa-
tients compared with controls even after 8 weeks of treat-
ment. On the basis of these results, the authors suggested that 
treatment with olanzapine contributes to partially normalize 
responses in the cortical motor network in patients with 
schizophrenia. On the other hand, reduced lateralization of 
the cortical motor network seems to be a trait feature of the 
disorder [109]. 

 More recently, Meisenzhal et al. (2006) have demon-
strated that medicating drug free patients with quetiapine for 
12 weeks is associated with significant increase of activity in 
ventrolateral PFC during a WM task [110]. A few other stud-
ies [111-113] have focused on the effect of antipsychotic 
treatment on brain activity associated with emotion process-
ing. Two independent studies [112, 113] reported the effect 
of longitudinal treatment with quetiapine in patients with 
schizophrenia presenting flat or blunted affect. These stud-
ies, that did not include a control group and did not control 
for potential repetition effects, showed that quetiapine treat-
ment was associated with increased activity in PFC during 
passive viewing of sad films [113] and in amygdala during 
passive viewing of pictures with negative affect valence 

[112], suggesting potentially beneficial effects of treatment 
with quetiapine in terms of engagement of emotion process-
ing circuitry. More recently, Blasi et al. (2009) described the 
effect of 8 weeks olanzapine treatment on amygdala and 
PFC activity during implicit and explicit processing of sad 
and angry stimuli (faces) in patients with schizophrenia. 
Both patients and controls underwent fMRI twice with a 
similar time interval between scans. Results demonstrated a 
diagnosis by time interaction in left amygdala and a diagno-
sis by time by task interaction in right ventrolateral PFC. In 
particular, activity in left amygdala was greater in patients 
than in controls at the first scan both during explicit and im-
plicit processing, while it was lower in patients at the second 
relative to first scan. Moreover, during implicit processing, 
right ventrolateral PFC activity was lower in patients than in 
controls at the first scan, and greater in patients at the second 
relative to the first scan. Findings from this study also sug-
gest that changes in brain activity may be relatively inde-
pendent from changes in symptoms, given that no associa-
tion was found between changes in amygdala and ventro-
lateral PFC activity and changes in symptom scores as 
measured with the PANSS. 

 Finally, a few studies have used fMRI to investigate the 
acute physiological effects of atypical antipsychotics on 
cognitive functions in antipsychotic naive subjects. Snitz et 
al. (2005) evaluated the effects of 4 weeks treatment with 
atypical antipsychotics in drug naïve subjects during per-
formance of the Preparing to Overcome Prepotency task, 
which exploits the Simon spatial incompatibility effect 
[114]. The authors observed a significant medication effect 
on anterior cingulate

 
cortex but not in the dorsolateral PFC 

and hypothesized that the anterior
 
cingulate cortex function-

ing may be especially sensitive to
 
antipsychotic treatment 

effects. However, they did not find significant correlations 
between change in symptom ratings

 
and change in maximum 

dorsolateral PFC or anterior
 
cingulate cortex activation from 

baseline to 4 weeks. In another study, Fusar-Poli et al. 
(2007) evaluated the neurophysiological effects of acute 
atypical antipsychotic (risperidone or quetiapine) treatment 
on cognitive functioning in a small sample of patients pre-
senting with a first episode of psychosis. Findings from this 
study demonstrated that antipsychotic treatment was specifi-
cally associated with modifications of the neurofunctional 
correlates in the neural circuits underlying executive and 
mnemonic functioning [115].  

 In summary, all these studies suggest that brain metabo-
lism and activity may be influenced by antipsychotic treat-
ment, likely affecting neuronal information processing. 
However, modifications at the neurobiological level do not 
always imply modifications of the behavioral level or asso-
ciation with clinical measures. On the other hand, heteroge-
neity of the findings suggests that, without considering the 
limited statistical power and other confounding factors (i. e. 
clinical heterogeneity of the sample), genetic variability may 
explain, at least in part, the different neurobiological res- 
ponse to treatment.  

Imaging Genetics 

 Pharmacodynamic variability to antipsychotic response is 
also modulated by genetic factors that may play a role in the 
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pathophysiology of schizophrenia modulating different key 
actors of neurotransmitter pathways (e.g., dopaminergic sys-
tem). Indeed, susceptibility to schizophrenia shows a high 
genetic component with heritability estimates from twin 
studies of about 80% [116]. Although numerous association 
studies have tried to identify genes responsible of schizo-
phrenia, incontrovertible characterization of the genes and 
identification of the mechanism through which these genes 
contribute to risk for schizophrenia has not been possible so 
far for different reasons {see [117] for review}. Several fac-
tors may have contributed. First, the genetics of schizophre-
nia are complex (non-mendelian) in that multiple genes each 
with small effect size can interact epistatically with each 
other and also with environmental factors increasing risk for 
this disorder [118]. Second, the neurobiological effects of the 
genetic variants for risk to schizophrenia are still unknown. 
This puzzled picture is further complicated by high pheno-
typic variability (variable penetrance, pleiotropic effects) of 
the expression of clinical symptoms of schizophrenia.  

 In order to identify more consistent heritable biological 
markers associated with the pathophysiology of a disorder, 
the concept of intermediate phenotypes (IPs) has been intro-
duced [119]. IPs or endophenotypes are defined as measur-
able characteristics (e.g. chemical, electrophysiological, neu-
roimaging, neuropsychological, etc.) that lie on the pathway 
between genes and disease and, as such, are involved in its 
pathophysiology. These phenotypes should depend on a 
fewer number of genes thus reducing genetic heterogeneity 
and are generally assumed to be closer to gene effects and 
hence more easily associable to pathophysiologic processes 
compared with the broad phenotype of diagnosis per se. IPs 
should be quantitatively measurable traits, state-independent, 
heritable, occurring at higher in frequency in family mem-
bers of the patients and co-segregating with the illness in 
multiply affected families [120]. Different measures have 
been proposed as candidate IPs for schizophrenia, including 
psychophysiological, cognitive and brain imaging markers 
[121]. 

 Among several approaches, neuroimaging techniques 
emerge for the ability to identify functional and/or structural 
changes in brain structures with high statistical power. 
Hence, these techniques will be sensitive to more subtle phe-
notypic changes less evident with other measures, (e.g., 
genotype may have effects on brain physiology even in the 
absence of performance differences as a result of alternative 
strategies) and will require smaller sample sizes (tens rela-
tive to hundreds) to show significant effects. Hence, imaging 
genetics, the strategy of genetic association that uses meas-
ures of brain structure, chemistry or function as phenotypes 
of interest, may be used for the identification of those brain 
changes that are critical for the pathophysiology of a disor-
der and are susceptible to the effects of genetic variation 
[122]. More importantly, the definition of the role of these 
genes would also help to find pharmacological targets to 
develop more effective treatments. 

Intermediate Phenotypes in Schizophrenia 

 Although patients with schizophrenia show widespread 
structural and functional alterations, converging evidence 
suggests that dysfunctions of prefrontal [77, 111-116, 118-

121, 123-125] and medial temporal lobes [126] are crucial 
for this disorder. These brain regions are interconnected 
through specific cortical-striatal-thalamic-cortical loops that 
underlie cognitive, emotional and sensorimotor functions so 
that cortical inputs filtered by thalamus are back-projected 
through the ventral striatum (globus pallidus and substantia 
nigra) to PFC [127]. Alterations of these circuits are thought 
to be responsible of decreased filtering of cortical inputs that 
may result in either positive symptoms through dysfunction 
of interconnected subcortical regions or negative and cogni-
tive symptoms through decreased function of PFC. Indeed, 
this brain region is pivotal in mediating cognitive executive 
function, e.g., WM [128], whereas medial temporal lobe 
underlies recognition memory [129], and both of those func-
tions have been shown to be impaired in schizophrenia 
[130].  

 PFC function is modulated by dopamine signaling which 
determines the efficiency of cognitive processes [128]. In 
particular, this neurotransmitter acts on dopamine receptors 
modulating firing of pyramidal neurons and of the surround-
ing GABA inhibitory interneurons within the PFC. Hence 
dopamine focuses and stabilizes the response of PFC to the 
task at hand and the synchronization of cortical networks 
with an overall increase of signal-to-noise ratio [77, 118-121, 
123-128, 130-133]. Interestingly, dopamine signaling in PFC 
shows an inverted-U response curve where either too much 
or too little stimulation can result detrimental for cognitive 
performance [128, 134]. Although this phenomenon has 
been consistently observed across different species, its 
mechanism remains unclear. 

 Hippocampal synaptic plasticity and memory perform-
ance are also dependent on dopaminergic signaling which 
may affect the mesolimbic circuitry associated with control 
of stored objects and long-term potentiation through the do-
paminergic afferent projections from ventrotegmental area 
[135].  

Genetic Variation and Intermediate Phenotypes for 
Schizophrenia 

 Numerous candidate genes coding for fundamental com-
ponents of the dopaminergic system including those in-
volved in receptor signaling (DRD1, DRD2, DRD5), down-
stream effects (DARPP-32, AKT-1), synthesis, degradation 
(COMT) and reuptake (DAT1) of dopamine have been inves-
tigated using neuroimaging phenotypes for their role in risk 
for schizophrenia. Here, we present data relative to those 
genetic variants that show biological plausibility for the 
pathogenesis of schizophrenia and affect neuroimaging phe-
notypes for this disorder. 

 D1 have an excitatory role on cortical pyramidal neurons 
as well as in striatal medium spiny neurons [136] and are 
thought to modulate meso-corto-limbic pathway and to me-
diate WM function [128, 137]. PFC availability of D1 as 
measured by PET is abnormal in patients with schizophrenia 
and this alteration correlates with negative symptoms and 
worse performance at the WCST [138] and performance at 
the N-back WM-task [139]. Although a missense SNP 
(rs4532, see before) in the 5’-untranslated region with no 
influence on transcriptional activity [140] has been associ-
ated with PFC function as assessed by WCST in patients 



2566    Current Pharmaceutical Design, 2009, Vol. 15, No. 22 Di Giorgio et al. 

with schizophrenia [141], other studies failed to identify any 
association of this SNP with this disorder [142]  

 The neuroimaging effects of genetic variation in DRD2 
have been also investigated for their potential role in schizo-
phrenia. It has been recently demonstrated that the C allele of 
SNP rs12364238 in the promoter region is associated with 
decreased WM and attentional performance along with inef-
ficient WM cortical and subcortical activity [36]. Bertolino 
et al. (2008) also found a gene by diagnosis interaction be-
tween rs12364238 and other two DRD2 intronic polymor-
phisms (rs1076560 and rs 2283265) and schizophrenia on 
imaging phenotypes [37]. In particular, although all 
rs1076560 GT participants of the study irrespective of diag-
nosis showed lower accuracy during a WM task (N-Back), 
healthy controls showed greater prefrontal and striatal activa-
tion (e.g., inefficiency), whereas patients with schizophrenia 
demonstrated a trend towards decreased activation in the 
same brain regions, further suggesting a role for alterations 
in dopaminergic system in patients with schizophrenia. Fu-
ture studies controlling for treatment are warranted to better 
ascertain the contribution of antipsychotic treatment on the 
cognitive and imaging measures. 

 Intriguingly, the DRD2 rs1076560 SNP shows an interac-
tion also with DAT1-3’VNTR on prefrontal and striatal imag-
ing phenotypes [143]. DAT1-3’VNTR effects on prefrontal as 
well as striatal activation are increased in rs1076560-GT 
subjects relative to G homozygotes. Similar interaction exists 
also in striatal gray matter volumes and is confirmed in post 
mortem data from DRD2-DAT and D2 knock-out mice. 
These findings suggest that interaction of DAT1 (associated 
with modulation of enzymatic expression) and DRD2 (asso-
ciated with greater D2S ratio) results in altered dopamine 
signaling further indicating a non linear relationship with 
prefrontal and striatal activity. 

 Dopamine-and cAMP-regulated phosphoprotein of mo-
lecular weight 32 kDa (DARPP-32) is a protein encoded by 
the PPP1R1B gene that is highly expressed in neo-striatum 
and mediates effects of dopaminergic and glutamatergic 
pathways [144]. D2-mediated phosphorylation of this protein 
may amplify PKA and PKG-mediated signaling through the 
inhibition of a serine/threonine phosphatase (PP-1), whereas 
glutamatergic phosphorylation may cause opposite effects on 
PKA signaling. Several SNPs have been identified within the 
PPP1R1B gene [145] and a seven-marker haplotype (the 
most frequent, 76%) was associated with risk for schizo-
phrenia in families, with cognitive phenotypes including 
WM, attention, executive function, verbal learning, and fluid 
intelligence, and with mRNA expression in post mortem 
human brain [146]. Furthermore, structural imaging revealed 
decreased volume of dorsal putamen as well as increased 
structural connectivity of this brain region with PFC in carri-
ers of the risk haplotype. Consistently, this haplotype was 
associated with decreased striatal activation as well as in-
creased striato-frontal functional connectivity during WM 
and emotional processing with fMRI [146]. These conver-
gent results suggest that genetic variants of PPP1R1B gene 
may affect cognitive processing through downstream effects 
of dopaminergic system and play a role in risk for schizo-
phrenia through their modulation on prefrontal-striatal loops 
and particularly the associative loop. 

 AKT1, which is also called protein kinases B, is part of 
another dopaminergic signaling cascade that causes inhibi-
tion of GSK3-  via binding with -arrestin-2 [147]. Evi-
dence from pharmacological, post mortem, and genetic asso-
ciation studies have suggested a role in the risk for schizo-
phrenia [148]. In a synonymous SNP, rs1130233, the minor 
allele (A) was associated with reduced expression of AKT-1 
in human lymphoblasts, decreased scores of a cognitive fac-
tor, including IQ, processing speed, and executive function, 
and structural and functional neuroimaging changes in pre-
fronto-striatal circuits [149]. In particular, carriers of the A 
allele showed relatively decreased bilateral caudate and 
right-PFC volumes as well as increased brain inefficiency in 
left-dorsolateral PFC. Furthermore, Tan et al., (2008) found 
also that AKT1 interacts epistatically with COMT in both 
these structural and functional phenotypes such that subjects 
carriers of both putative risk alleles for schizophrenia (e.g., 
rs1130233-A and COMT-Val) showed disproportionally 
greater effect size on these measures, thus confirming the 
role of decreased dopamine signaling in higher cognition and 
schizophrenia. 

 Several studies have consistently demonstrated that brain 
physiologic responses in PFC during WM and executive 
function tasks are modulated by COMT polymorphisms. 
Neuroimaging studies using fMRI during WM tasks have 
reported that individuals carrying Val alleles of the COMT 
Val158Met genotype show relatively greater activation in 
PFC in the context of similar task performances that is con-
sistent with the idea that Val allele is associated with de-
creased neural efficiency [77, 84, 150, 151]. Interestingly, 
Mattay et al. (2003) showed also that the administration of 
amphetamine, which increases dopamine levels, can improve 
Val homozygotes PFC efficiency thus reducing neural acti-
vation during a WM task [151]. This observation together 
with decreased PFC efficiency of Met homozygotes after 
amphetamine challenge converges on the idea that COMT 
polymorphism modulation of PFC activity follows a putative 
inverted-U curve in which Met carriers, having near optimal 
dopamine levels, lie close to the peak of the curve and Val 
carriers are located on the left side. Moreover, the COMT 
Val158Met polymorphism affects not only the function of 
PFC but also the functional coupling of this region within 
fronto-parietal networks during a WM task [152, 153]. In 
order to maintain performance at high WM task loads Val 
carriers tend to show increases of ventrolateral PFC 
(VLPFC)-parietal connectivity in face of decreased dorso-
lateral-PFC-parietal coupling [153].  

 Furthermore, a number of studies have also reported that 
COMT Val158Met polymorphism shows important effects 
on brain response associated with hippocampal function dur-
ing recognition memory [154, 155]. Val carriers show de-
creased hippocampal as well as increased VLPFC activation 
along with worse behavioral performance during both encod-
ing and retrieval phase of a recognition memory task [155]. 
Moreover, negative coupling between these brain regions, 
which is correlated with better performance, is also modu-
lated by this polymorphism in that it increases linearly with 
the number of Met alleles.  

 Other SNPs have been identified within the COMT gene, 
including rs2097603 in the promoter region P2, rs737865 in 
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intron 1 and rs165599 in the 3’ flanking untranslated region 
(3’-UTR). The last two polymorphisms have been shown to 
interact with Val158Met in a three-marker haplotype on risk 
for schizophrenia [156]. Additionally, a COMT diplotype 
(P2-Val158Met) has been shown to affect PFC neural effi-
ciency [77] as well as hippocampal gray matter volume [157] 
in normal controls and these cortical effects followed a non-
linear relationship with predicted dopamine levels. Similar 
results on PFC activation were also obtained using three-
marker haplotypes including Shifman’s SNP and the P2-
Val158Met-3’-UTR haplotype [77]. Finally, COMT shows 
epistatic interactions on statistical risk [79] and on imaging 
phenotypes for schizophrenia with other genes involved in 
the pathophysiology of this disorder either within the dopa-
minergic system e.g., DAT1, AKT-1, DARPP-32 (vide infra), 
or with other neurotransmitter systems (e.g., GRM3, G72), or 
in metabolic pathways (e.g., MTHFR).  

 DAT1 is also involved in the regulation of cortical sig-
nal-to-noise ratio during WM both directly, affecting the 
activity of cortical GABA interneurons, and indirectly 
through modulation of cortico-striato-thalamo-cortical path-
ways. Recently, Bertolino et al. (2006) reported increased 
activation in PFC during WM and cingulate in individuals 
carrying the 9-repeat allele relative to 10-repeat homozy-
gotes despite similar level of behavioral performance [150]. 
Furthermore, DAT1-VNTR and COMT Val158Met polymor-
phisms show additive effects so that carriers of the COMT-
Val and DAT1-9-repeat allele show greater brain activation 
compared with the other groups.  

 DAT1-VNTR modulates also hippocampal function and 
recognition memory. Bertolino et al. (2008) found that 10-
repeat carriers show greater activation in the anterior hippo-
campus during implicit encoding of a recognition memory 
task [154]. Consistently, Schott et al. (2006) showed also 
similar modulatory effects of DAT1-VNTR on midbrain acti-
vation and hippocampal-frontal functional coupling during 
encoding of an episodic memory task [158]. Furthermore, 
Bertolino et al. (2008) identified an epistatic interaction be-
tween DAT1-VNTR and COMT Val158Met in anterior hip-
pocampus as well as in ventrolateral PFC [154]. Indeed, 
these two genotypes showed a double dissociation of brain 
activity in hippocampus so that individual carriers of the 9-
repeat allele showed opposite COMT Val158Met effects 
when compared with 10- repeat carriers. Interestingly, also 
hippocampal effects (activation during a recognition memory 
task and deactivation during a WM-task) described a non-
linear relationship with predicted dopamine levels thus con-
firming a crucial role of optimal levels of this neurotransmit-
ter also on recognition memory function. 

 In conclusion, sub-optimal dopamine levels may affect 
neuronal function in multiple brain regions and result in im-
pairments of cognitive functions associated with schizophre-
nia. Polymorphisms at different levels of dopaminergic sys-
tem may play an important role either individually or inter-
acting in the pathophysiology of schizophrenia through 
modulation of dopamine signaling. Interestingly, a recent 
study by Talkowski et al. (2008) identified a network of do-
paminergic polymorphisms interacting epistatically in pairs 
to increase risk for schizophrenia [159]. Although the 
authors studied only pair-wise interaction which can explain 

only a small amount of genetic variance, future approaches 
taking into account interactions among multiple genes will 
help in elucidating of the cumulative effect of genetic vari-
ants in the risk for schizophrenia through their modulation of 
neurotransmitter pathways.  

Imaging Genetics as a Tool to Measure Drug Response in 

Schizophrenia 

 The combination of brain imaging and genetics can also 
help in the identification of neural mechanism underlying 
efficacy of a medication treatment, and more importantly to 
predict its outcome. One of the first studies to try and predict 
the clinical outcome to clozapine treatment in schizophrenia 
using neuroimaging was performed by Potkin et al. (2003) 
Using 

18
Fluoro-deoxyglucose PET, they found an interaction 

on brain metabolism during Continuous Performance Test 
between the effect of DRD1 (rs4532, see above) polymor-
phism and five weeks of treatment with clozapine in treat-
ment-resistant patients with schizophrenia. In particular, they 
found that GG patients showed a generalized brain metabolic 
decrease in neocortical, cingulate and limbic regions and this 
change was associated with a 30% improvement on the Brief 
Psychiatric Rating Scale (BPRS) after five weeks treatment. 
Patients heterozygotes for the G allele showed decreased 
brain metabolism only in left-dorsolateral PFC and temporal 
and parietal cortex along with a 7% worsening of BPRS 
score. Although these findings suggest the possibility that 
genetic variants of DRD1 can modulate brain metabolic re-
sponse to an antipsychotic treatment, the results are not con-
clusive because it is not clear the mechanism through which 
this variant may have affected the expression or the function 
of D1 and dopamine signaling [67]. 

 Consistent with these results, Bertolino et al. (2004) also 
reported an interaction between treatment with a second gen-
eration antipsychotic, olanzapine, and the COMT Val158Met 
polymorphism on cognitive and neuroimaging phenotypes 
during N-back WM task in patients with schizophrenia in an 
8-weeks longitudinal study [82]. They found that Met homo-
zygotes showed better improvement in negative symptoms 
rating scores, WM performance and prefrontal physiology 
(i.e. decreased dorsolateral PFC inefficiency) at higher WM 
loads compared with heterozygotes and Val homozygotes. 
Moroever, the effect on negative symptoms was recently 
strengthened [160] suggesting that genetic variants influenc-
ing dopamine levels in PFC may interact with drugs that 
increase availability of this neurotransmitter in PFC converg-
ing towards beneficial effects of increasing PFC dopamine 
signaling for the treatment of schizophrenia. 

 More recently, other studies have also pointed out the 
possibility of using neuroimaging data to guide treatment 
selection. Using a Bayesian hierarchical model on pre and 
post treatment scans Guo et al. (2008) were able to predict 
changes in brain physiology as estimated by PET and fMRI 
neuroimaging measures. Accuracy of prediction of specific 
imaging changes after olanzapine and risperidone treatment 
estimated by a k-fold cross-validation approach was about 
90% [161]. Although this algorithm did not predict clinical 
response, the incorporation of individual information includ-
ing genetic information, clinical symptoms and other infor-
mation is a promising approach for future applications of 
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imaging genetics to individualized treatment based on the 
genetic makeup of single individuals. 

CONCLUSIONS 

 In summary, the combination of genetic and imaging data 
seems to be a viable option not only for the understanding of 
the pathophysiology of schizophrenia, but also for the identi-
fication of brain mechanisms for determining response to 
current treatment, and for the development of new potential 
drugs. One of the most relevant advantages of imaging ge-
netics is given by the robust statistical power of this ap-
proach. For example, Bertolino et al. (2004) reported that the 
effect size of genetically determined PFC activity during 
WM in response to longitudinal treatment with olanzapine 
was large (Cohen’s d=0.88) as opposed to a weaker effect on 
negative symptoms [82]. Effects sizes in the pharmacogenet-
ics literature using clinical criteria to determine response are 
usually definitely lower [26]. This stronger effects size also 
allows obtaining relevant and clinically meaningful informa-
tion with relatively smaller sample of patients compared with 
the sample size needed when using only clinical phenotypes.  

 Another important potential advantage is given by the 
opportunity to use the imaging phenotype as a more objec-
tive outcome measure. Rating scales (i.e. PANSS) are usu-
ally used to assess the clinical symptoms of schizophrenia 
and to evaluate the effects of drug treatment. However, along 
with the inherent subjectivity of ratings, the clinical symp-
toms of schizophrenia are heterogeneous and may vary over 
time. The imaging phenotype represents a more objective 
neurobiological measure for which there is little or no mar-
gin for subjective error, and that is by definition a trait fea-
ture of the disorder with limited variation associated with the 
state of the disease.  

 Some caveats should be considered in future imaging 
genetics studies. The huge number of measurements in-
volved in the assessment of imaging phenotypes increases 
the probability of type II errors and requires greater caution 
in setting experiments and in the interpretation of the results. 
A priori strategies limiting the regions of interest based on 
the known biology plausibility and regional expression of 
gene transcripts as well as controlling for multiple compari-
sons using False-Discovery Rate approaches can signifi-
cantly increase the robustness of imaging genetics results 
[162]. However, demonstration of the heritability of such 
phenotypes needs use of larger datasets and replication stud-
ies that is hampered by many methodological problems, e.g. 
scanner variability across multiple sites, correction for mul-
tiple comparisons. 

 Also, current strategies have been almost focused on 
candidate genes for the risk for schizophrenia thus limiting 
the identification of other genetic variations responsible of 
drug response. Future studies that combine imaging with 
genome wide association in schizophrenia are warranted. An 
initial study by Potkin et al. (2009) has provided the first 
evidence of the use of such approach. In this study the 
authors identified an association between genes involved in 
response to stress and neurodevelopment, and dorsolateral 
PFC activity during a Sternberg Item Recognition Paradigm 
measured as a quantitative trait [163]. Some methodological 
issues limit the extent of this study such as the small sample 

size, the lack of a replication study, the imaging phenotypes 
used (e.g., the modeling of the event-related response to the 
stimuli is not clear), multiple comparisons testing, multi-site 
multi scanner acquisition, the effect of drug administration, 
and clinical variables. Nevertheless, this is an interesting 
approach that may yield important results in future phar-
maco-imaging genetics studies. 

ABBREVIATIONS 

DRD2 = Dopamine D2 receptor gene 

OR = Odd Ratio 

ANKK = Ankyrin repeat and kinase domain containing 1 

SNP = Single Nucleotide Polymorphism 

PANSS = Positive and Negative Symptom Scale 

WM = Working Memory 

DRD3 = Dopamine D3 receptor gene 

DRD4 = Dopamine D4 receptor gene 

DRD1 = Dopamine D1 receptor gene 

DRD5 = Dopamine D5 receptor gene 

COMT = Catechol-O-Methyl Transferase 

DAT = Dopamine Transporter 

PFC = Prefrontal Cortex 

WCST = Wisconsin Card Sorting Test 

VNTR = Variable Number of Tandem Repeat 

PET = Positron Emission Tomography 

fMRI = Functional Magnetic Resonance Imaging 

IPs = Intermediate Phenotypes 

BPRS = Brief Psychiatric Rating Scale 
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