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Abstract: Recent important advancements in genomic research
have opened the way to new strategies for public health manage-
ment. One of these questions pertains to how individual genetic
variation may be associated with individual variability in response
to drug treatment. The field of pharmacogenetics may have a
profound impact on treatment of complex psychiatric disorders
like schizophrenia. However, pharmacogenetic studies in schizo-
phrenia have produced conflicting results. The first studies exam-
ined potential associations between clinical response and drug
receptor genes. Subsequent studies have tried to use more objec-
tive phenotypes still in association with drug receptor genes. More
recently, other studies have sought the association between puta-
tive causative or modifier genes and intermediate phenotypes.
Thus, conflicting results may be at least in part explained by

variability and choice of the phenotype, by choice of candidate
genes, or by the relatively little knowledge about the neurobiology
of this disorder. We propose that choosing intermediate pheno-
types that allow in vivo measurement of specific neuronal func-
tions may be of great help in reducing several of the potential
confounds intrinsic to clinical measurements. Functional neuroim-
aging is ideally suited to address several of these potential con-
founds, and it may represent a powerful strategy to investigate the
relationship between behavior, brain function, genes, and individ-
ual variability in the response to treatment with antipsychotic
drugs in schizophrenia. Preliminary evidence with potential sus-
ceptilibity genes such as COMT, DISC1, and GRM3 support these
assumptions. Key Words: Imaging genomics, antipsychotics,
schizophrenia, fMRI, PET, COMT, DISC1, GRM3.

INTRODUCTION

The recent mapping of the human genome has
prompted a new series of questions that include the func-
tion of individual genes at the level of brain physiology
and the contribution of genetic factors to susceptibility to
psychiatric disorders and on their related neurobiology.
Within the framework of these questions, recent studies
are beginning to explain the relationship between genes,
neurons, brain networks, and behavior, as well as to shed
light on the basis of the individual variability related to
this relationship. Because schizophrenia is a brain dis-
ease whose susceptibility is largely genetic,1 it is clear
that research following this approach might be particu-
larly fruitful both in terms of discovering the etiology as
well as the pathophysiology of this disorder. Moreover,

this theoretical approach has operative implications that
might lead to more precise knowledge on the bases of
individual variability in response to treatment with anti-
psychotic drugs.
In this context, single-nucleotide polymorphisms

(SNPs), i.e., nucleotide variants in specific locations of
gene sequence, are assuming specific relevance, particu-
larly if they have functional consequences for the pro-
teins that they code for. Functional SNPs modify the
structure and/or function of the protein so that its activity
varies as a function of the allelic variant present in each
individual. These variations of the protein might differ-
entially impact on brain physiology, behavior, and patho-
physiology, thus contributing to susceptibility for schizo-
phrenia and to modulate individual responses to
pharmacological treatment with antipsychotics.
Current brain imaging techniques provide novel tools

to study more specifically the relationship between be-
havior, pathophysiology, genetics, and treatment. Behav-
ior is sustained by relatively specific brain activity that is
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measurable with different techniques such as fMRI
[functional MRI (magnetic resonance imaging)] (FIG. 1)
and positron emission tomography (PET). The major
contribution of these techniques is that they permit the
creation and analysis of statistical maps of brain activity
in single subjects as well as in group of individuals.
Thus, functional brain imaging allows statistical explo-
ration of the main effect of genes at the brain systems
level during specific behaviors. Furthermore, once the
physiological effect of genetic variants is known, the
effect of the same genetic variants can be measured in
brain disorders. As a further level of complexity, longi-
tudinal studies with these techniques can assess the ef-
fects of pharmacological treatment. Integration of ge-
netic, neuroimaging, and behavioral data can therefore
bring to a further and more informative level of com-
plexity the study on the interaction between genetic vari-
ants and antipsychotic treatment, potentially contributing
more precisely tailored information about individuality
of response to treatment.
The objective of the present paper is to review recent

findings relative to the emerging relationship between
genes, brain activity, behavior, and response to treatment
with antipsychotics in schizophrenia.

GENES, BRAIN ACTIVITY, AND BEHAVIOR
IN SCHIZOPHRENIA

Family and twin studies have indicated that the lion’s
share of susceptibility to schizophrenia is explained by
genetic factors—approximately 80%.1 However, we are
far from understanding how genes qualitatively and
quantitatively influence the neurobiology of this disor-
der. Data from family studies suggest that the interaction
of multiple genes, each with small effect, is more likely
to explain risk for schizophrenia rather than a single

causative gene.2 Previous studies have reported genetic
linkage between schizophrenia and loci in 5q, 3p, 11q,
2q, 1q, 6p, 20p, 14q 13q,3 22q, and 8p,3,4 even if the
results have not always been easy to replicate. However,
the heterogeneity of the findings and of the clinical phe-
notype as well as the above mentioned concept that
schizophrenia is more likely a polygenic complex disor-
der make it difficult to understand if and how these
genetic loci are involved in its etiology or pathophysiol-
ogy because genetic linkage is only based on statistics.2

These issues are even more evident because the associ-
ation between genes and behavior or physiology of the
CNS is not clearly understood, making it difficult to
bridge the gap between genotype and phenotype. The
operative concept of “intermediate phenotype” might
help fill this gap. Intermediate phenotypes are repre-
sented by any measurable and reproducible cognitive or
neurobiological phenomenon with relatively lower levels
of complexity, possibly explained by the effect of one or
few genes. In this review, we will mainly focus on the
genes that have been shown to have a specific impact on
intermediate or clinical phenotypes related to schizo-
phrenia, basing our selection on statistical consider-
ations, on the relevance of the relationship between ge-
netics and behavior, and on the belief that the association
between behavior or physiology and genes may
strengthen the results supporting the association between
genes of small effect and schizophrenia.
Given the known participation of dopamine in the

pathophysiology of schizophrenia, the catechol-O-meth-
yltransferase (COMT) gene has been repeatedly studied.
COMT catalyzes the methylation of catecholamines such
as dopamine and norepinephrine. Converging evidence
indicates that methylation by COMT is an important
mechanism for cortical dopamine inactivation in the pre-
frontal cortex, a region prominently involved in the
pathophysiology of schizophrenia and its cognitive def-
icits (working memory and attention).5 Moreover, the
dopamine transporter has relatively little synaptic density
in prefrontal cortex.6–8 Pharmacological COMT inhibi-
tors, which increase extracellular dopamine in prefrontal
cortex (PFC),9 also improve working memory perfor-
mance10 and attentional set shifting9 in rodents. Simi-
larly, studies in COMT knockout mice have shown allele
load-dependent specific increases in PFC dopamine lev-
els and no change in other catecholamines.11 The COMT
gene maps to the long arm of chromosome 22 (22q11), a
region identified in several schizophrenia genome scan
linkage studies. It contains a guanine-adenosine single-
nucleotide polymorphism with a valine (val)-methionine
(met) substitution at codon 158 in the protein.12 The val
variant is more functionally active than the met variant.
Therefore, the val allele is possibly associated with
greater dopamine catabolism and reduced dopamine lev-
els in prefrontal cortex. Furthermore, dopamine modu-

FIG. 1. fMRI statistical map (sagittal and axial three-dimen-
sional renderings) showing parietal and dorsolateral prefrontal
cortical (DLPFC) activation during performance of a working
memory task (N-BACK) in a group of healthy subjects.
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lates glutamatergic and GABAergic signaling in prefron-
tal cortex,13 and convergent findings suggest that optimal
dopamine levels are key for its physiology during cog-
nition.13,14 Consistent with these notions, it was logical
to hypothesize that different COMT alleles of this poly-
morphism may be associated with differential behavior
involving prefrontal cortex activity. Results from studies
in humans seem to confirm this hypothesis. Egan et al.15

measured working memory and executive function per-
formance with the Wisconsin Card Sorting Test in 175
patients with schizophrenia, 219 unaffected siblings, and
55 healthy subjects. Irrespective of diagnosis, val ho-
mozygotes had reduced behavioral accuracy relative to
heterozygotes and met homozygotes. These findings
were replicated in a subsequent study using the N-BACK
task (measuring working memory) in a sample of 68
healthy subjects, 74 patients with schizophrenia, and 108
healthy siblings of patients with schizophrenia.16 Blasi et
al.17 also found similar COMT genotype effects in
healthy subjects performing a task measuring attentional
control processing. Further studies in other patient pop-
ulations have also been consistent. Bearden et al.18

showed better performance to tests measuring executive
function in met subjects with 22q11.2 deletion syndrome
relative to val subjects. Diamond et al.19 also found
reduced behavioral performance in children homozygous
for the val allele (n �14) compared with heterozygotes
(n �16) and homozygotes for the met allele (n � 9) to a
task thought to involve dopamine modulation of prefron-
tal cortex function.
Prefrontal cortical dysfunction during working mem-

ory and attention has been demonstrated. Recent studies
with fMRI have reported that prefrontal dysfunction in
schizophrenia may be evident as inefficiency in the physi-
ology of processing of cognitive stimuli (greater prefrontal
activity for similar or reduced behavioral accuracy).20,21

Some studies have also reported that COMT val158met ge-
notype affects brain physiology during cognition. Using
fMRI, Egan et al.15 demonstrated greater dorsolateral pre-
frontal cortex activity during the N-BACK task in val rel-
ative to valmet subjects who, in turn, had greater activation
relative to met homozygous, in spite of reduced behavioral
accuracy. Blasi et al.17 also reported a similar effect of
COMT on activity of the dorsal cingulate during a task
providing increasing levels of attentional control process-
ing. Analogous data of greater cortical activity during cog-
nitive tasks associated with the val allele have been reported
by Bertolino et al.22 and Ho et al.23 in patients with schizo-
phrenia. These findings in healthy subjects, in patients with
schizophrenia, and in their unaffected siblings suggest that
inefficient prefrontal processing (greater activity for similar
or reduced behavioral accuracy) during different cognitive
processes is associated with the val allele, possibly related
to decreased cortical dopamine levels. All these data are
also substantiated by the possibility that the val allele seems

to be overtransmitted in schizophrenia increasing risk with
a small effect.2

The evidence for DISC1 being a putative causative
gene for schizophrenia first appeared when St. Clair et
al.24 demonstrated genetic linkage between major psy-
chiatric illness and a balanced translocation of 1q42.1
(where DISC1 is mapped) and 11q14.3 in a Scottish
family. Although no additional families with this trans-
location have been reported, a series of linkage and as-
sociation studies in samples of patients with schizophre-
nia has reinforced the possible role of this gene, even
though not always convincingly.25–30 The functional role
of the DISC1 protein is not known yet. Earlier studies
have demonstrated its interaction with cytoskeletal pro-
teins like NUDEL and have speculated about its possible
involvement in neurite outgrowth.31,32 Furthermore, the
expression of this gene is prominent in the hippocampus,
another region thought to be importantly involved in the
pathophysiology of schizophrenia. A more recent
study,33 using a sample of 801 subjects (252 patients
with schizophrenia, 311 of their siblings, 238 healthy
subjects), showed an association between a common
nonconservative SNP (rs821616, a serine to cysteine
substitution at codon 704) in the DISC1 gene and schizo-
phrenia, with the serine allele being overtransmitted in
patients. Furthermore, the allelic variants of this SNP
differentially affected brain activity and metabolism as
well as cognitive performance. In particular, the serine
allele was associated with abnormal hippocampal activ-
ity during working memory and long-term memory, with
reduced hippocampal gray matter volume, with reduced
hippocampal N-acetylaspartate (a marker of neuronal
functional integrity) levels, and with impaired executive
function and logical memory.
The GRM3 gene (mapped to 7q21.1) has been con-

sidered a putative causative gene for schizophrenia con-
sistent with the possible role of glutamate in the patho-
physiology of this disorder.34,35–37 GRM3 encodes for a
metabotropic glutamate receptor.38 In astroglial cells,
GRM3 regulates the expression of the glial glutamate
transporter, EAAT2,39 a critical regulator of synaptic
glutamate activity.40 Studies in animal models with
GRM3 agonists have demonstrated reduction of psycho-
sis-like behaviors induced by ketamine.41 Postmortem
studies have reported reduction of GRM3 mRNA levels
in patients with schizophrenia.42 Moreover, the GRM3
gene has been previously associated with schizophre-
nia.43–45 Fujii et al.44 found a significant difference in
GRM3 SNP rs1468412 allele frequencies between pa-
tients with schizophrenia and healthy subjects. More-
over, a haplotype constructed from three SNPs, including
rs1468412, showed a significant association with schizo-
phrenia. Egan et al.43 reported overtransmission of the
adenine allele of an intronic SNP (hCV11245618) in
patients with schizophrenia within families. Moreover,
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this allele was associated with: reduced in vivo prefrontal
N-acetylaspartate measures (a marker of neuronal integ-
rity measured with in vivo 1H magnetic resonance spec-
troscopy and repeatedly found to be reduced in schizo-
phrenia)46; reduced EAAT2 mRNA levels in postmortem
tissue; reduced cognitive performance in verbal list
learning and verbal fluency tasks; inefficient activation
of the dorsolateral prefrontal cortex activation during
working memory (as measured by fMRI); and reduced
hippocampal activation during encoding of an episodic
memory task (suggesting an abnormal physiological re-
sponse). However, other studies have reported weak as-
sociations or have not replicated the association between
GRM3 and schizophrenia.47,48

Brain-derived neurotrophic factor (BDNF) is one of
the most studied member of the family of neurotrophins.
Data from animal models suggest that this protein facil-
itates both neurotransmission and hippocampal long-
term potentiation49,50 by increasing high-frequency syn-
aptic transmission and improving synaptic vesicle
docking.51–55 Moreover, experiments in rodents have
demonstrated that BDNF signaling is crucial for several
cognitive processes, including spatial learning and mem-
ory performance.56–58 Given the relationship between
BDNF and hippocampal function, between reduced cor-
tical and hippocampal levels of BDNF and schizophre-
nia,59 and between hippocampal biochemistry and ge-
netic risk for schizophrenia,60 several studies in
schizophrenia have investigated the possible role of
BDNF, (mapped to 11p13) with variable results.61–67 To
further explore this association, Egan et al.64 studied with
a multimodal approach the effect of a BDNF coding SNP
[guanine/adenosine polymorphism at position 196 in the
5= pro-BDNF sequence, producing a valine to methio-
nine substitution in the immature protein (val66met)], in
a large sample of healthy subjects, patients with schizo-
phrenia, and their healthy siblings. Although the authors
did not find a statistical association between BDNF and
schizophrenia, they demonstrated in living subjects that
the met allele was associated with lower episodic mem-
ory performance, abnormal hippocampal activity as mea-
sured by fMRI, reduced hippocampal N-acetylaspartate
as assessed by magnetic resonance spectroscopic imag-
ing, and in cell culture, altered intracellular localization
and reduced stimulus-evoked release of BDNF. Similar
results on the effect of this BDNF polymorphism on
hippocampal activity and volume have been reported in
other studies in healthy subjects.68,69 Furthermore, Sz-
eszko et al.70 showed reduced hippocampal volume in
met-carriers of a mixed sample of patients with schizo-
phrenia and healthy subjects. Moreover, they reported
that val66met genotype accounted for greater proportion
of the variance for hippocampal formation volume in
patients than in healthy subjects. In summary, there is
evidence suggesting that the BDNF gene affects hip-

pocampal function and that it may be a modifying ge-
netic factor in the expression of brain phenotypes in
schizophrenia.
These various examples illustrate how neuroimaging-

based phenotyping has allowed clarification of the role of
potential schizophrenia susceptibility genes on brain
structure and function. The question next arises as to
whether these genes also have an effect on modification
of specific behaviors in response to treatment with anti-
psychotic drugs.

GENES, BEHAVIOR, AND ANTIPSYCHOTIC
TREATMENT IN SCHIZOPHRENIA

The majority of pharmacogenetic studies related to
antipsychotic drug treatment to date have focused on
genes coding for serotonine and dopamine receptors be-
cause they are the target for antipsychotic drugs. For
example, some of these studies have evaluated various
5HT2A gene polymorphisms in response to treatment
with clozapine. In particular, the His452Tyr, T102C
5HT2A, and 	1438 G/A 5HT2A gene polymorphisms
have been the subject of several studies, with conflicting
results.71 Other studies on dopamine receptor genes have
focused mainly on D2 and D4 polymorphisms, in partic-
ular on the D2 Taq1A and the 	141C Ins/Del variants,
generally showing a possible effect of D2 receptor poly-
morphisms on determining clinical response to antipsy-
chotic treatment.72–76 All of these studies have been
carefully reviewed elsewhere.71

In contrast, few published studies have addressed
whether individual variability of changes in cognitive
behavior associated with antipsychotic treatment is dif-
ferentially affected by putative causative genes. Two
studies have addressed this point relative to COMT
val158met genotype. Bertolino et al.22 analyzed the effect
of COMT val158met genotype on response to antipsy-
chotic treatment with olanzapine (a second-generation
antipsychotic drug that increases dopamine levels in pre-
frontal cortex).77 Using a sample of 30 patients with
schizophrenia, the authors demonstrated that met ho-
mozygotes benefit more from olanzapine treatment than
valmet and valval subjects in terms of working memory
performance and improvement in negative symptoms.
Further details on this study will be given below (see also
Diaz-Asper78). Weickert et al.79 showed similar results us-
ing 20 patients with schizophrenia and schizoaffective dis-
order (5 were val homozygous, 11 were heterozygotes, and
4 were met homozygous). These patients were studied
twice, each at the end of two 4-week periods, one after
treatment with first or second-generation antipsychotics and
the other after treatment with placebo. To control for order
effects, half of the subjects received placebo first, the other
half antipsychotics first. Cognitive evaluation included
working memory (N-BACK), executive function (Wiscon-
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sin Card Sorting Test), verbal fluency, general intelligence
(WAIS-R), and general memory (Wechsler Memory Scale
Revised, General Memory Index). The Positive and Nega-
tive Symptoms Scale (PANSS) was used to measure clin-
ical symptoms. The working memory results indicated that
val homozygous subjects performed significantly worse
than met subjects, confirming previous results on the effect
of COMT val158met genotype. Additionally, an interaction
between COMT val158met genotype and treatment on
working memory performance was found, i.e., met ho-
mozygous patients had greater improvement in accuracy
after 4 weeks of antipsychotic treatment compared with the
other two groups, valmet heterozygous, or val homozygous
subjects. No interaction between COMT val158met geno-
type and treatment was found on performance of the other
cognitive domains and on PANSS scores.
One study focused on the impact of GRM3 variants on

antipsychotic treatment. For 6 weeks, Bishop et al.80

treated 42 patients with schizophrenia with a fixed dose
of olanzapine; the Brief Psychiatric Rating Scale (BPRS)
and the Scale for Assessment of Negative Symptoms
(SANS) were used for assessment of clinical symptoms
at baseline and at end point. They found that several
GRM3 polymorphisms collectively predicted negative
symptoms improvement; and one SNP in particular
(rs274622) showed greater effect on SANS scores, al-
though its influence was not fully dissociable from those
of the other polymorphisms typed.
Krebs et al.,81 using a sample of 88 patients with

schizophrenia or schizoaffective disorder, studied the im-
pact of a dinucleotide repeat polymorphism in BDNF
and response to treatment. This polymorphism is in in-
complete linkage disequilibrium with the val/met coding
SNP. They found increased frequency of long alleles
(172-176 bp) in responders compared to nonresponder
patients with schizophrenia. The authors defined re-
sponder patients as those who had at least partial remis-
sion under antipsychotic treatment allowing discharge
from hospital. Nonresponder patients were defined as
subjects without clinical remission even if treated with
several trials of different antipsychotics. Hong et al.82

studied 93 patients with schizophrenia with the BPRS as
an outcome measure, defining as responders those sub-
jects who had at least a 20% decrease of BPRS score
after at least 8 weeks of treatment with clozapine. They
found no differences in the distribution of the BDNF
val66met genotype relative to response to clozapine treat-
ment, although they did find increased frequency of the
val allele in responders relative to 198 healthy subjects.
Anttila et al.,83 in a retrospective study on 94 patients
with schizophrenia, failed to find any association be-
tween response to treatment with first-generation anti-
psychotics and either BDNF guanine196adenosine or
valine66metionine polymorphisms. However, no rating
scales were used because the study was retrospective;

patients were defined as responders if they experienced
sufficient and long-lasting response to treatment,
whereas nonresponders were patients who failed to re-
spond to at least two trials with different typical anti-
psychotics.
In summary, the above-cited studies show that phar-

macogenetics might be helpful to explain at least part of
the individual variability in clinical and cognitive/behav-
ioral response to treatment with antipsychotics, but the
studies are limited in many respects. However, partial
reproducibility of the results suggests that the approach
used in these studies may have limited potential for the
understanding of the relationship between individual ge-
netic factors and treatment response. In particular, some
of the discordancy in results might be explained by the
imprecise phenotypes chosen as outcome measures. The
clinical phenotype of schizophrenia is highly complex
and variable. Measurement of the clinical symptoms of
schizophrenia is still based on subjective rating scales
scores. Moreover, these scores may reflect an interaction
between multiple psychopathological domains, making it
highly unlikely that they can be explained by any single
specific neurobiological mechanism. Therefore, it is also
highly unlikely that they might be associated only to the
effect of a single gene, making gene effects less detect-
able. Furthermore, some of these studies used retrospec-
tive methodologies, sometimes using qualitative and not
quantitative outcome measures, thus increasing variance
and decreasing the possibility of detecting effects of a
single genetic factor. The relative lack of information
about the neurobiology of genetic variants might also
contribute to the uncertainty and inconsistency. Knowl-
edge of the neurobiological effect of genetic polymor-
phisms is crucial to understand their possible implica-
tions for the pathophysiology of schizophrenia and the
implications for treatment, directing data analysis toward
more specific objectives and making the results more
easily interpretable. Moreover, the relative lack of de-
pendable, reliable, and reproducible physiological mea-
sures associated with the phenotype under investigation
increases the uncertainly related to the findings in this
field. This limitation is true for most brain disorders and
imposes major problems when trying to evaluate vari-
ability in the response to drug treatment.
These limitations have prompted investigators to look

for other phenotypes and they will be further discussed
below.

BRAIN PHYSIOLOGY, ANTIPSYCHOTIC
TREATMENT, AND SCHIZOPHRENIA

To further understand the possible relationship be-
tween genes, physiology, behavior, and treatment, it is
useful to review some of the effects of treatment with
antipsychotics on brain physiology. Several of these
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studies explored structural brain changes related to treat-
ment. Corson et al.84 considered 23 male patients with
schizophrenia spectrum disorders treated with either first
or second-generation antipsychotics undergoing mag-
netic resonance imaging at admission and after 2 years of
treatment. The results indicated that 2 years of treatment
with first-generation antipsychotics increased basal gan-
glia volume, whereas treatment with second-generation
antipsychotics reduced it. Scheepers et al.85 measured
caudate volume in 26 patients with schizophrenia before
and after 24 weeks of treatment with clozapine. All pa-
tients had been switched from first-generation antipsy-
chotic drugs to clozapine treatment after 3 days of wash-
out. The authors reported caudate volume reduction after
clozapine treatment and no caudate volume difference
between responders (at least 20% reduction in PANSS
score) and nonresponders to clozapine. However, in an
extension of this study,86 reduction of the left caudate
volume was found after 52 weeks of treatment only in
responders to clozapine. Lang et al.87 studied a cohort of
30 first-episode and 12 chronically ill schizophrenia pa-
tients, along with 23 controls. All subjects were scanned
with magnetic resonance imaging at baseline; first-epi-
sode patients were rescanned after 1 year of treatment
with risperidone, and healthy subjects were rescanned
after comparable time. The results showed that chroni-
cally ill patients presented reduced caudate, putamen,
and globus pallidus volume compared with healthy sub-
jects at baseline, whereas no difference was found be-
tween first-episode patients and controls. No difference
between the latter two groups was also found at rescan.
The same group of investigators88 also reported basal
ganglia volume reduction after olanzapine treatment in
10 patients with schizophrenia previously treated with
first-generation antipsychotics; in contrast, the latter
treatment was associated with volume increase of these
structures relative to healthy subjects. An effect of olan-
zapine treatment on basal ganglia volume was found
after switch from risperidone in 13 subjects. Lieberman
et al.89 in a large multicenter study including 161 first
episode psychosis patients treated with either haloperidol
(n � 79) or olanzapine (n � 82), compared gray matter
volume at baseline and after 12, 24, 52, and 104 weeks of
treatment. They found that haloperidol but not olanzap-
ine treatment was associated with gray matter volume
decreases diffusely throughout the cortex. A recent study
has shown that chronic treatment with either olanzapine
or haloperidol reduces cortical volume in monkeys.90

In summary, morphological studies with MRI have
mostly tried to address volumetric changes related to
antipsychotic treatment in the basal ganglia, generally
reporting differential effect of first and second-genera-
tion antipsychotics. First-generation antipsychotics seem
to increase, whereas second-generation antipsychotics
seem to reduce volume of the basal ganglia. The opposite

effect has been reported when measuring total cortical
gray matter volume. However, from studies in nonhuman
primates90 reporting substantial gray and white matter
volume reductions after long-term treatment with halo-
peridol or olanzapine, it is clear that brain volumetric
changes occur with antipsychotic treatment. The under-
lying mechanism is unclear, however. It is also possible
that this issue will not be resolved in human studies,
given the potential confounds usually associated with
studying human samples with structural MRI. Another
limitation of structural MRI studies is that the functional
and metabolic correlates of these putative variations in
morphology are not known.
Other methodologies like magnetic resonance spec-

troscopy (MRS), PET, and fMRI may be more informa-
tive. In particular, MRS affords measurement of brain
chemicals considered markers of metabolic processes.
Fukuzako et al.91 examined with 31P-MRS 13 patients
with schizophrenia before and after treatment with hal-
operidol reporting higher levels of phosphodiesters only
before treatment in temporal lobes compared with
healthy controls. Treatment with haloperidol tended to
reduce phosphodiesters increases in patients and these
changes were also correlated with symptom reduction.
The authors suggested that haloperidol may reduce dys-
function in cellular membrane metabolism possibly associ-
ated with schizophrenia. Bertolino et al.92 used proton mag-
netic resonance spectroscopic imaging (1H-MRSI) to
measure n-acetylaspartate levels in several brain regions in
23 patients with schizophrenia studied twice, one while on
treatment with antipsychotics and another while drug free
for at least 2 weeks. The authors reported a significant effect
of treatment only in the dorsolateral prefrontal cortex, in
which n-acetylaspartate measures were greater during treat-
ment with antipsychotics. These results suggested that an-
tipsychotic drugs improve neuronal biochemistry (n-acetyl-
aspartate is reduced in dorsolateral prefrontal cortex of
patients with schizophrenia)46 and possibly cellular gluta-
mate specifically in dorsolateral prefrontal cortex.
PET has been used to evaluate the effect of single-

dose and long-term treatment with antipsychotics on
brain glucose metabolism or blood flow. Liddle et al.93

used 18fluoro-deoxyglucose PET to measure the effect of
risperidone on glucose metabolism in a cohort of eight
patients with schizophrenia, reporting that a single dose
induced glucose metabolism reduction in ventral stria-
tum, thalamus, and frontal cortex; this decrement was
also associated with improvement in hallucinations and
delusions. Bartlett et al.94 measured glucose metabolism
with the same tracer in patients with schizophrenia who
had been earlier deemed to be responsive (N � 7) or
nonresponsive (N � 7) to treatment with antipsychotics.
Subjects were scanned with PET the first time after a
3-week drug-free period and the second time 12 h after a
single dose of haloperidol. The results indicated diffuse
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reductions of glucose metabolism after the haloperidol
challenge in nonresponders compared with responders.
Other studies have addressed the long-term effects of

antipsychotic treatment. Molina et al.,95 again using
18fluoro-deoxyglucose PET, found that 6 months of treat-
ment with risperidone in patients with schizophrenia was
associated with slight increases from baseline of glucose
metabolism in primary visual area and in right insula.
The same group96 also studied with the same technique
22 treatment-resistant patients with schizophrenia at
baseline and after 6 months of treatment with clozapine,
reporting reduction of basal ganglia and increase of oc-
cipital glucose metabolism after treatment. Rodriguez et
al.97 examined 39 treatment-resistant patients with
schizophrenia with 99Tc-labeled hexamethyl-propylene-
aminoxime. Using single-photon emission tomography
(SPECT), all patients were studied twice, the first while
on first-generation antipsychotics and the second after 6
months of treatment with clozapine. Comparison of the
two scans demonstrated increased perfusion in the thal-
amus, basal ganglia, and dorsolateral prefrontal cortex
when on clozapine.
These various PET and SPECT studies were per-

formed during resting conditions (without any specific
cognitive challenge), thus possibly limiting understand-
ing of the functional implications of the differential me-
tabolism associated with drug treatment. Other studies
have been performed while subjects were engaged in
specific cognitive tasks, allowing a more specific inves-
tigation of the relationship between changes in brain
activity and specific behavioral correlates during treat-
ment. For example, Lahti et al.98 used a tone discrimi-
nation task and 15O water PET to study the regional
cerebral blood flow in 6 patients with schizophrenia and
12 healthy volunteers. Patients were scanned after a
mean of 19 days of withdrawal from antipsychotics and
again while receiving clozapine and/or haloperidol treat-
ment. The authors reported abnormal activity of the an-
terior cingulate cortex during the off-drug condition,
whereas treatment with clozapine but not with haloper-
idol normalized activity in the cingulate area. Molina et
al.99 used 18fluoro-deoxyglucose PET to study brain ac-
tivity during the Continuous Performance Test (mainly
evaluating sustained attention) in 17 patients with
schizophrenia being treated either with first-generation
antipsychotics (n� 15) or risperidone (n� 2), and again
while subjects were under 17-24 weeks of treatment with
olanzapine. No significant change was found comparing
regional cerebral blood flow before and after treatment.
fMRI studies have been generally consistent with

these earlier PET studies suggesting functional changes
associated with antipsychotic treatment in brain areas
involved in the cognitive function under observation.
Honey et al.100 showed that switching treatment from
haloperidol to risperidone in a cohort of 10 patients with

schizophrenia was associated with increased activity in
prefrontal cortex, supplementary motor area, and parietal
cortex during performance of a working memory task.
The authors suggested that this effect was possibly as-
sociated with relatively reduced D2 receptor antagonism
of risperidone relative to haloperidol. Two further fMRI
studies have analyzed the effect of antipsychotic treat-
ment on activity of the motor network, previously found
to be abnormally lateralized in schizophrenia.101 In the
first, Stephan et al.102 studied six patients with schizo-
phrenia and six matched controls, twice while perform-
ing a finger-tapping task. Patients were studied while
drug-free and again after 3 weeks of treatment with
olanzapine, and the controls with a similar time interval.
The results of this study suggested changes in cerebellum
functional connectivity (CFC) with other brain regions at
the second time point: in particular, olanzapine admin-
istration was associated with changes in CFC with pre-
frontal cortex and medio-dorsal thalamus. Furthermore,
olanzapine administration tended to normalize right
hemisphere, but not left CFC. Both groups of subjects
also showed changes in CFC with motor regions and the
authors suggested that the these results may have been
due to repetition effects. Bertolino et al.103 administered
a visually paced motor task during fMRI to 17 patients
with schizophrenia at 4 and 8 weeks of treatment with
olanzapine. They reported reduced activity of the pri-
mary sensory motor cortex after 4 relative to 8 weeks of
treatment. Similar analysis on 17 controls 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,
where patients had reductions of sensory motor cortex
activity relative to controls; on the other hand, no effect
of diagnosis was found at 8 weeks. However, lateraliza-
tion of the cortical motor network remained reduced in
patients compared with patients even after 8 weeks of
treatment. On the basis of these results, the authors sug-
gested that treatment with olanzapine contributes to par-
tially normalize responses in the cortical motor network
in patients with schizophrenia. On the other hand, re-
duced lateralization of the cortical motor network seems
to be a trait feature of the disorder.
Finally, one study focused on the effect of antipsy-

chotic treatment on brain networks associated with emo-
tion processing. Stip et al.104 treated 12 patients with
schizophrenia presenting flat or blunted affect with
quetiapine for 5.5 months. All subjects underwent fMRI
before and after treatment while passively viewing sad
films. The comparison between the two scans showed
higher activity in the brainstem at the first time point
relative to the second, whereas ventro-medial frontal and
orbito-frontal cortices (both involved in emotional regu-
lation) were more activated at the second time point,
suggesting potentially beneficial effects of treatment
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with quetiapine in terms of engagement of emotion pro-
cessing circuitry.
In summary, all these studies suggest that brain mor-

phology, metabolism, and activity may be influenced by
antipsychotic treatment, possibly having an impact on
neuronal information processing. However, modifica-
tions at the neurobiological level do not always imply
modifications of the behavioral correlates.103 On the
other hand, the heterogeneity of the findings suggests
that, among other factors, individual variability may dif-
ferentiate the neurobiological response to treatment. This
individual variability is, at least in part, associated with
individual genetic features. Therefore, how can we in-
vestigate the relationship between genetic variation,
brain physiology, behavior, antipsychotic treatment, and
schizophrenia?

GENES, BRAIN PHYSIOLOGY, BEHAVIOR,
ANTIPSYCHOTIC TREATMENT, AND

SCHIZOPHRENIA

Behavior is associated with relatively specific brain
activity (as measured with functional brain imaging),
which may vary as a function of individual genetic vari-
ability. This line of reasoning has recently inspired stud-
ies aiming to assess how genetic factors influence brain
activity in response to antipsychotic treatment. Based on
the receptors blocked by clozapine, Potkin et al.105 stud-
ied the potential interaction between treatment with clo-
zapine and D1, D3, 5HT2A, and 5HT2C polymorphisms
on brain activity during the Continuous Performance
Test. They studied 15 patients with schizophrenia with
18fluoro-deoxyglucose PET after 5 weeks of treatment
with placebo and again after 5 weeks of clozapine treat-
ment. The authors did not find any effect of D3, 5HT2A,
and 5HT2C polymorphisms, while they reported an in-
teraction between a D1 polymorphism (located about 1
kb upstream of the initiation codon) with unknown func-
tion, and pharmacological treatment. More specifically,
clozapine was associated with generalized decrease in
metabolism in frontal, temporal, occipital, and cingulate
regions in subjects with the 2,2 D1 genotype, whereas
subjects with the 1,2 D1 genotype showed metabolic
decrease only in left dorsolateral prefrontal cortex, tem-
poral tip, and parietal areas. No behavioral statistical
differences were found between placebo and clozapine
treatments. Furthermore, the 2,2 D1 genotype was asso-
ciated with BPRS score improvement, whereas patients
with 1,2 genotype demonstrated an unusual BPRS score
worsening with clozapine. Even if these data are consis-
tent with the notion that specific allelic variants may
have an impact on glucose brain metabolic changes as-
sociated with antipsychotic treatment, it is not clear how
this D1 polymorphism may impact on receptor function
and dopamine signaling. Therefore, it is difficult to for-

mulate an explanation for how these associations with
clozapine response. No association has been reported so
far between D1 polymorphisms and schizophrenia.
In contrast, recent evidence suggests that the GRM3

gene is associated with schizophrenia43–45 and GRM3
polymorphisms may differentially influence brain phys-
iology and behavior (see above).43 One study investi-
gated the interaction between GRM3 polymorphisms and
antipsychotic treatment. Controlling for COMT
val158met genotype, Bertolino et al.106 evaluated the ef-
fect of 3 GRM3 SNPs (rs6465084, hCV2536213, and
rs1468412) on prefrontal function in 24 patients with
schizophrenia treated with olanzapine. All patients were
scanned with fMRI after 4 and again after 8 weeks of
treatment with olanzapine while performing the
N-BACK working memory task. Although the behav-
ioral data did not show any difference between genotype
groups at both time points, fMRI data analysis revealed
a difference: at 4 weeks of treatment, the groups could
not be differentiated but by 8 weeks, subjects with risk
alleles (previously associated with schizophrenia) had
greater dorsolateral prefrontal cortex activity. These
findings suggest that the brain phenotype of prefrontal
cortical inefficiency (greater engagement in the face of
similar behavioral performance) previously demon-
strated in schizophrenia is more evident in patients car-
rying the GRM3 risk alleles. The fact that this phenotype
becomes more evident after 8 weeks of treatment sug-
gests that patients carrying the risk allele benefit less
from treatment with olanzapine, whereas patients with-
out the risk allele improve efficiency of prefrontal corti-
cal engagement. Because GRM3 receptors directly mod-
ulate activity of the glutamate transporter, these data may
be intriguing because they directly implicate glutamate
signaling. However, once again the effect of these
GMR3 polymorphisms on protein structure or activity is
not specifically known making it difficult to directly
correlate these findings with a specific neurobiological
mechanism.
Another study by Bertolino et al.22 investigated the

potential interaction between COMT val158met genotype
and treatment with olanzapine in schizophrenia. In this
study, 30 previously untreated patients with schizophre-
nia received monotherapy with olanzapine for 8 weeks.
All subjects were evaluated with the PANSS at baseline
as well as after 4 and 8 weeks of treatment. Twenty of the
patients also underwent fMRI during the N-BACK work-
ing memory task after 4 and 8 weeks of treatment. All
data converged in indicating a met allele load effect: met
homozygous patients responded (at least 30% of im-
provement from baseline) better in terms of PANSS-
negative symptoms score compared with both heterozy-
gous and val homozygous subjects after 8 weeks of
treatment; working memory performance at the highest
load improved more in met homozygous subjects com-

BLASI AND BERTOLINO124

NeuroRx�, Vol. 3, No. 1, 2006



pared with both heterozygous and val homozygous sub-
jects; dorsolateral prefrontal cortical efficiency during
working memory (as measured with fMRI) improved
more in met homozygous subjects compared with both
heterozygous and val homozygous subjects after 8 weeks
of treatment. These results suggest that met homozygous
subjects benefit more from treatment with olanzapine
than heterozygous and val homozygous subjects
(FIG. 2).
These data are consistent with the current view of the

importance of dopamine signaling and of COMT activity
in prefrontal cortex during working memory. Seamans et
al.13 have suggested that optimal prefrontal function is
modulated by a balance between D1 and D2 dopaminer-

gic receptor stimulation. In particular, increasing D1/D2
ratio stimulation may provide greater neuronal signal-to-
noise ratio with increased neuronal capacity for target
representation, limiting the interference of background
stimuli. Because schizophrenia is possibly characterized
by decreased cortical dopamine levels,109 the combined
effect of D2 receptor blockade and the increased release
of dopamine in prefrontal cortex mediated by second-
generation antipsychotics such as olanzapine76 may lead
to increased D1/D2 ratio stimulation. This effect may in
turn increase signal to noise ratio thus increasing work-
ing memory performance. This interpretation is consis-
tent with current speculation about the possibility that the
val allele is associated with reduced cortical levels of

FIG. 2. Effect of COMT val158met genotype on parietal and dorsolateral prefrontal cortical (DLPFC) efficiency. A: fMRI statistical map
(sagittal three-dimensional rendering) of the effect of COMT genotype on DLPFC activity during high working memory load within the
N-BACK task (2-BACK) in a group of patients with schizophrenia treated for 8 weeks with olanzapine: valval subjects have greater
DLPFC activation relative to valmet and metmet subjects after 8 weeks of treatment. B: Plot of the mean fMRI signal change in
dorsolateral prefrontal cortex of patients with schizophrenia at 4 and 8 weeks of treatment with olanzapine indicating that Val/Val
individuals increase their neuronal activity, Val/Met remain fairly stable, and Met/Met individuals decrease their neuronal activity in spite
of significant improvements in performance (greater efficiency). C, Plot of the difference in behavioral accuracy at 2-BACK between 4
and 8 weeks of treatment with olanzapine. At 8 weeks, metmet subjects show reduced BOLD signal in DLPFC in spite of increased
behavioral accuracy, suggesting greater prefrontal efficiency. On the other hand, valval subjects slightly increase behavioral accuracy,
but also increase DLPFC BOLD signal.
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dopamine signaling relative to the met allele.108 There-
fore, met carriers may have greater benefit from olanza-
pine treatment because of slower inactivation of cortical
dopamine and improved D1/D2 ratio signaling (FIG. 3).
In summary, this study supports a broader conceptual
approach about the investigation of the interaction
among genetic polymorphisms, brain physiology, behav-
ior, and antipsychotic treatment. Further studies in
schizophrenia following this approach are needed to bet-
ter understand the basis of individual variability in re-
sponse to pharmacological treatment.

AFTERWORD

The first conclusion to be drawn from the studies here
reviewed is that preliminary efforts to study how indi-
vidual genetic factors may contribute to individual vari-
ability in response to treatment with antipsychotic drugs
has commenced. The field of pharmacogenetics in
schizophrenia clearly needs to advance in many different
aspects. Several fundamental issues need to be addressed
before we can provide definitive answers to patients and
clinicians.107 These issues can be identified in two broad
areas concerning 1) clinical research design and 2)
genomic approaches.
Without considering the limited conceptual and statis-

tical power of retrospective studies, factors currently lim-
iting our understanding of pharmacogenetic data ob-
tained from clinical research data in schizophrenia
include: the choice of study duration (short vs long term);
the clinical phase of the disorder (acute re-exacerbation
vs chronic symptoms); the design of the study (double
blind, placebo controlled vs open label studies); the
choice of antipsychotics (first vs second generation);

sample size sufficiently powered; drug company and
public health agency strategies; and, most of all, the
phenotype of interest. At least in the field of pharmaco-
genetics, several of these issues are correlated with the
crucial choice of the phenotype. Schizophrenia is a het-
erogeneous disorder with a heterogeneous clinical phe-
notype whose symptoms are most likely emergent phe-
nomena.110 The clinical presentation is also complicated
by issues of genetically associated low penetrance, het-
erogeneity, and phenocopies. If variability of the pheno-
type under investigation is too large, the search for genes
contributing to the individual manifestation of the
schizophrenia phenotype or of the individual response to
pharmacological treatment is unlikely to be successful.
Rating scales have been largely used to assess the clin-
ical symptoms of schizophrenia and they now represent,
along with the Diagnostic and Statistical Manual
(DSM), the common language spoken by research psy-
chiatrists all over the world. However, along with the
inherent subjectivity of the ratings, the clinical symptoms
of schizophrenia are heterogeneous and may vary over
time in the single patient making it difficult to precisely
capture the genetic individuality of our patients at the
level of clinical symptoms. Moreover, genes encode for
proteins but do not encode for delusions, hallucinations,
and negative symptoms. Therefore, use of intermediate
phenotypes may be of help in limiting the drawbacks
from several of the issues outlined above. A valid inter-
mediate phenotype is by definition a trait feature of the
disorder with limited variation associated with state of
the disease. Therefore, choice of an intermediate pheno-
type should by definition control for differences associ-
ated with the clinical phase of the disorder and with
choice of the duration of the study. Moreover, interme-
diate phenotypes are objective neurobiological measures
for which there is little or no margin for subjective error.
In this way, the relevance of controlled versus uncon-
trolled trials becomes much less important. Of course,
every biological measurement made on an individual is
not a genetically determined intermediate phenotype. As
used here, and as rarely validated thus far in the litera-
ture, the term intermediate phenotype is meant to repre-
sent a biological trait related to genes of interest. In this
line of reasoning, functional neuroimaging brain pheno-
types may provide several advantages as compared with
other intermediate and clinical phenotypes. First of all,
functional neuroimaging can be performed in living hu-
man subjects allowing in vivo measures of brain func-
tion. Moreover, fMRI and PET permit acquisition of
information that is relatively specific in terms of the
neurobiological systems involved. For example, fMRI
allows evaluation of the circuitry involved in performing
specific cognitive functions. For several of these cogni-
tive functions, studies in rodents and in nonhuman pri-
mates have also provided detailed information about the

FIG. 3. Hypothetical effect of COMT val158met genotype in con-
tributing to determine individual variability in response to treat-
ment with second-generation antipsychotics in schizophrenia.
Second-generation antipsychotics increase dopamine levels in
prefrontal cortex and they might also increase dopamine recep-
tor D1/D2 ratio, thus improving prefrontal cortex function. Given
the slower inactivation of prefrontal dopamine of the COMT
metmet enzyme, these subjects may benefit from greater pre-
frontal dopaminergic signaling in terms of prefrontal cortex effi-
ciency compared with valval subjects.
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underlying cellular and systems neurobiology. There-
fore, the possibility of combining the in vivo data with
known cellular information allows elaboration of specific
and testable hypotheses about the neurobiological effects
of genetic variation in individuals. This possibility con-
fers added value to the information obtained so that it is
easier to obtain neurobiological information that is di-
rectly relevant to the pathophysiology of brain disorders
and to the individual response to pharmacological treat-
ments. Another relevant advantage of functional neuro-
imaging phenotypes is given by the robust statistical
power of these techniques. For example, fMRI studies
often give results with large effect size of the differences
between groups. The differences thus described at the
neurobiological level can be obtained in relatively small
sample populations (especially in the absence of signif-
icant differences in behavioral measures), underscoring
the power of a direct assay of brain function (i.e., fMRI)
to identify phenotypes related to gene polymorphisms.
Therefore, the application of such techniques appears to
provide a unique opportunity to explore and evaluate the
functional impact of brain-relevant genetic polymor-
phisms more rapidly and with greater sensitivity than
existing behavioral assessments. In this way, it is clear
how statistically robust information can be obtained with
relatively smaller samples of patients compared with the
sample size needed when using only clinical phenotypes.
Therefore, use of functional imaging intermediate phe-
notypes may provide a means for reducing error-related
phenotypic variability among patients, thus making it
more feasible to look at the effects of genetic factors.
If for clinical research design we may have fairly clear

ideas on how to advance the field of pharmacogenetics,
for genomic approaches we seem to have more questions
than answers. The first question is whether one should
use genomic-wide hypothesis-free approaches versus a
strategy using candidate genes. It is clear that genome-
wide studies have several advantages but, at present, this
approach is limited by costs, impracticality of acquiring
sufficiently large samples, and feasibility across labora-
tories. Another problem posed by this approach at
present is that, with our limited knowledge about the
pathophysiology of the disorder, we may not be able to
fully appreciate and understand results based solely on
statistical criteria without clear hypotheses. The alterna-
tive is to use candidate gene approaches, as described
above. However, there are important open questions for
this approach, too. The first question is which genes one
should go after: causative genes, drug receptor genes, or
modifier genes. It seems fairly straightforward that if
causative genes have functional variants that impact on
the neurobiology of the disorder, these can be the most
informative genes also about the individuality of re-
sponse to treatment. However, whereas evaluation of one
SNP or one haplotype from one gene is informative

about the main effect of that gene, this approach is blind
to the genetic background on which a specific gene ex-
erts its effect, including the possibility of additive effects
or of epistasis with other genes or environmental factors.
In this sense, studies evaluating main effects of genes
should at least try and match for polymorphisms in other
genes with known effects. Moreover, in an ideal world
sample sizes should be powered to look at the effect of
several genes together in a specific neurobiological path-
way. In this regard, it is clear that examination of func-
tional gene variants becomes much more informative
about the neurobiology of the disorder or of the response
to treatment. Additional questions in the genomic realm
include the frequency of gene variants in the population
studied as well as the statistical approaches used. As for
the latter, we will inevitably have to face the fact that the
genes involved in determining the pathophysiology of
schizophrenia and the response to treatment are likely to
have small effects. Therefore, once again use of func-
tional neuroimaging phenotypes may be of great help for
the reasons outlined above.
In conclusion, the field of pharmacogenetics in schizo-

phrenia is just beginning. Clinical and genomic issues are
critically linked to the potential development of im-
proved strategies for determining a priori who is going
to respond to which drug. We believe that use of func-
tional neuroimaging phenotypes may be of great rele-
vance to allow for further progress of the field of phar-
macogenetics in schizophrenia.
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