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Allelic Variation in RGS4 Impacts Functional and Structural
Connectivity in the Human Brain
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Regulator of G-protein signaling 4 (RGS4) modulates postsynaptic signal transduction by affecting the kinetics of G␣-GTP binding.
Linkage, association, and postmortem studies have implicated the gene encoding RGS4 (RGS4) as a schizophrenia susceptibility factor.
Using a multimodal neuroimaging approach, we demonstrate that genetic variation in RGS4 is associated with functional activation and
connectivity during working memory in the absence of overt behavioral differences, with regional gray and white matter volume and with
gray matter structural connectivity in healthy human subjects. Specifically, variation at one RGS4 single nucleotide polymorphism that
has been associated previously with psychosis (rs951436) impacts frontoparietal and frontotemporal blood oxygenation level-dependent
response and network coupling during working memory and results in regionally specific reductions in gray and white matter structural
volume in individuals carrying the A allele. These findings suggest mechanisms in brain for the association of RGS4 with risk for
psychiatric illness.
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Introduction
The regulator of G-protein signaling (RGS) family is a heterogeneous collection of proteins that mediate postsynaptic signal
transduction in signaling pathways throughout the brain. Although diverse as a class, they share a conserved domain, the
“RGS box,” which confers enzymatic activity at G-protein coupled receptors (GPCRs) (Ross and Wilkie, 2000; Hollinger and
Hepler, 2002). RGS proteins accelerate the hydrolysis of GTP
from G␣, thereby driving the G-protein complex into its inactive,
GDP-bound state (Berman et al., 1996; Druey et al., 1996;
Watson et al., 1996; Hepler et al., 1997; Huang et al., 1997). By
serving as GTPase accelerating proteins at GPCRs, RGS proteins
are in a position to regulate the strength and cadence of neuronal
activation (Druey et al., 1996; Hollinger and Hepler, 2002).
One member of the RGS family, RGS4, is an intriguing candidate risk gene for schizophrenia. Located on chromosome
1q23.3, the RGS4 gene (Online Mendelian Inheritance in Men
database entry 602516) is a 7 kb sequence encoding a 23.3 kDa
protein of 205 amino acids. Across species, RGS4 is highly exReceived June 26, 2006; revised Dec. 22, 2006; accepted Dec. 27, 2006.
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pressed in neocortex, striatum, and the hippocampus (Gold et al.,
1997; Nomoto et al., 1997; Ingi and Aoki, 2002; Erdely et al., 2004;
Larminie et al., 2004). RGS4 modulates G-protein signaling in a
number of neurotransmitter systems, several of which have been
linked to schizophrenia, including metabotropic glutamate
(Saugstad et al., 1998; De Blasi et al., 2001), dopamine (Yan et al.,
1997; Ghavami et al., 2004), and serotonin (Beyer et al., 2004;
Ghavami et al., 2004) receptors. In the striatum, RGS4 regulates
dopaminergic signaling in a homeostatic manner and plays a role
in mediating crosstalk between D1 and D2 receptors (Geurts et al.,
2002, 2003; Taymans et al., 2003, 2004). RGS4 also interacts with
the ErbB3 receptor, which binds neuregulin-1, potentially important because disrupted neuregulin–Erb signaling has been implicated in the pathogenesis of schizophrenia (Stefansson et al.,
2002; Harrison and Weinberger, 2004; Hashimoto et al., 2004;
Law et al., 2006).
Interest in RGS4 as a candidate gene stems from a series of
suggestive linkage, microarray, and association studies. A
genome-wide linkage scan revealed a major schizophrenia susceptibility locus (logarithm of the odds ⫽ 6.5) at 1q21–22, a
region adjacent to RGS4 (Brzustowicz et al., 2000). Using cDNA
expression profile microarray probes, Mirnics et al. (2001) found
significantly decreased RGS4 mRNA in the dorsolateral prefrontal cortex (DLPFC) of schizophrenic patients. Of 70 genes from
1q21–22 contained on the array, only RGS4 was differentially
expressed between probands and controls (Mirnics et al., 2001).
Chowdari et al. (2002) resequenced the gene and its flanking
regions and identified four single nucleotide polymorphisms
(SNPs) in high linkage disequilibrium (LD), three located in the
5⬘ domain [SNPs 1 (rs10917670), 4 (rs951436), and 7 (rs951439)]
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and one in intron 1 [SNP 18 (rs2661319)], that tested positive for
association in three family-based samples, although the overtransmitted alleles and haplotypes differed between cohorts
(Chowdari et al., 2002). This same group found that genotype at
their SNP 4 (rs951436) was associated with reduced DLPFC volume in first-episode schizophrenic patients and in healthy subjects (Prasad et al., 2004). A recent meta-analysis of published and
unpublished data from multiple research centers (including our
own schizophrenia genetics program) suggests that RGS4 is a
weak susceptibility gene for schizophrenia, with the strongest
association to rs951436, although the results are not conclusive
(Talkowski et al., 2006).
We used multimodal neuroimaging to investigate the impact
on brain structure and function in living human subjects of allelic
variation at RGS4 rs951436, the SNP most frequently identified as
impacting on risk for schizophrenia and previously associated
with prefrontal cortex volume. We explored the effect of this SNP
on functional magnetic resonance imaging (fMRI) measures of
functional activation and connectivity related to working memory and MRI-based relative gray matter (GM) and white matter
(WM) volume in healthy human subjects.

Materials and Methods
Recruitment

Healthy volunteers were recruited as part of the Clinical Brain Disorders
Branch Sibling Study (Protocol 95-M-0150), an ongoing examination of
neurobiological abnormalities related to genetic risk for schizophrenia
(Egan et al., 2000). The study was approved by the Institutional Review
Board of the National Institute of Mental Health. All subjects gave written, informed consent before participation. Inclusion criteria are included as supplemental data (available at www.jneurosci.org as supplemental material).

Neural (“intermediate”) phenotypes
Samples. We tested the hypothesized effect for RGS4 rs951436 allelic
variation on several neurobiological measures related to putative intermediate phenotypes for schizophrenia in healthy individuals recruited
from an ongoing study of genetic risk for schizophrenia. We analyzed
fMRI data for 94 right-handed healthy Caucasian subjects of European
descent (HC), matched across genotype groups for age, gender, years of
education, Wechsler Adult Intelligence Scale (WAIS-IQ), and task performance (accuracy and reaction time). Structural MRI datasets were
available for 106 HC subjects of European descent; these subjects were
also matched across genotype groups for age, gender, years of education,
and WAIS-IQ (supplemental Table 1a,b, available at www.jneurosci.org
as supplemental material). Examining the impact of psychiatrically associated polymorphisms in healthy subjects has proven a useful strategy
(Egan et al., 2001, 2004; Hariri et al., 2002; Callicott et al., 2005), because
individual contributions of genes contributing to disease risk in a genetically complex architecture can be isolated. Moreover, by studying carefully selected normal subjects, potential disease-related confounds are
avoided, and the biological effects of genetic variation in brain are more
directly assayed. For 49 subjects, we had both functional and structural
data, with an additional 45 subjects in our fMRI analysis and an additional 57 subjects in our structural analysis.
Function: blood oxygenation level-dependent fMRI. We used the n-back
working memory task (Callicott et al., 1999). Briefly, we used a simple
block design alternating between a two-back (2B) working memory condition and a zero-back (0B) control condition. Subjects were instructed
to recall stimuli (visually presented digits 1– 4) seen “n” previously: two
previous for 2B and the currently presented digit for 0B. Our version of
the n-back task consisted of continual presentation of visual stimuli in
which every number was both a probe and a target. Visual stimuli were
presented via a back-projection screen, and performance (accuracy and
reaction time) was recorded via the use of a button box (Callicott et al.,
2003a).
For fMRI analysis, a contrast image for the 2B ⫺ 0B contrast was
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estimated for each subject, after preprocessing as described previously
(Callicott et al., 2003a,b). To examine task-related activations and deactivations, we entered each subject’s first-level contrast into a one-sample
t test. To study the effects of genetic variation in RGS4, we entered the
first-level contrast images into a second-level regression analysis in
SPM99 (Wellcome Department of Cognitive Neurology, University College London, London, UK) with RGS4 genotype as a covariate coded 0, 1,
or 2 according to the number of rs951436 “A” alleles. Regression contrasts were explicitly masked by the main effect of task (thresholded at
0.05, family-wise error correction for multiple comparisons). Post hoc,
we addressed a trend-level difference in WAIS-IQ between RGS4 genotypes (⬃6 IQ points) by extracting blood oxygenation level-dependent
(BOLD) signal from clusters identified via correlation. BOLD values
were compared across RGS4 genotypes using an analysis of covariance
(ANCOVA) in SPSS (SPSS, Chicago, IL), with WAIS-IQ score as a nuisance covariate; all reported activations remained significant. To further
examine the influence, if any, of this trend-level difference, we ran a
multiple regression in SPM99 with RGS4 genotype and WAIS-IQ score
in the model. All reported activations, with the exception of caudate,
remained. Detailed descriptions of acquisition parameters and preprocessing steps are included as supplemental data (available at www.
jneurosci.org as supplemental material).
Structure: voxel-based morphometry. Our voxel-based morphometry
techniques have been outlined in detail previously (Meyer-Lindenberg et
al., 2006) and are included as supplemental data (available at www.
jneurosci.org as supplemental material). We examined global effects of
genotype on gray and white matter using a multiple regression model
with RGS4 genotype as a covariate, coded 0, 1, or 2 according to the
number of rs951436 “A” alleles, controlling for potential confounds including total brain volume, WAIS-IQ (full scale score), gender, and both
linear and quadratic expansions of age (Buchel et al., 1996). Voxels at a
significance threshold of p ⬍ 0.01, uncorrected (k ⬎ 500), are reported
with reference to the Montreal Neurological Institute (MNI) standard
space within SPM2 after conversion to the standard space of Talairach
and Tournoux using in-house software as in previous reports (Egan et al.,
2001; Callicott et al., 2005).
Connectivity. Our methods for functional and structural connectivity
were calculated as in previous reports (Pezawas et al., 2005) and are
included as supplemental data (available at www.jneurosci.org as supplemental material). Seed regions for functional [left and right Brodman
area (BA) 47] and structural connectivity (right BA 47) analyses were
derived from the areas of maximal prefrontal activation difference in
RGS4 A carriers during our working memory task.
Genotyping. We used standard methods to extract DNA from white
blood cells using the Puregene DNA purification kit (Gentra Systems,
Minneapolis, MN). RGS4 genotyping was performed using the Taqman
5⬘-exonuclease allelic discrimination assay (Livak, 1999) obtained from
Applied Biosystems (Foster City, CA) (Assay on Demand, identification
number C_9619634_10).
Negative-control SNP. We used another RGS4 SNP of similar minor
allele frequency (rs1507754) that is generally regarded as nonsignificant
for schizophrenia association (with the exception of Chowdari et al.,
2002) as a negative-control SNP in our imaging analyses. Using the same
statistical threshold [p ⬍ 0.05, false discovery rate (FDR)-corrected for
multiple comparisons] as with rs951436, our analyses using the negativecontrol SNP rs1507754 did not find any significant differences between
genotypes in any of our measures. No-call percentages were similar for
both SNPs (4.3% for rs1507754 and 2.2% for rs951436), and there were
no deviations from Hardy–Weinberg equilibrium for each. There were
68 subjects with both fMRI data and rs1507754 genotypes, with an overlap of 63 subjects between rs1507754 and rs951436 for fMRI analyses.
There were 103 subjects with both structural MRI data and rs1507754
genotypes, with an overlap of 84 subjects between rs1507754 and
rs951436 for structural MRI analyses.

Results
fMRI
A threshold of p ⬍ 0.05, false discovery rate-corrected for multiple comparisons, was applied to all imaging data. Although re-
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gional activation and volume findings do
not meet this threshold, we report activation and volume differences surviving an
exploratory threshold of p ⬍ 0.01, uncorrected to describe our selection of seed foci
for connectivity analyses.
Task activation and deactivation
Consistent with previous reports (Callicott et al., 1999; Meyer-Lindenberg et al.,
2001), we found that the two-back version
of the n-back task elicits activation and deactivation in distinct networks in the human brain. Regions engaged by task performance included DLPFC, ventrolateral
prefrontal cortex (VLPFC), premotor cortex, posterior parietal cortex (PPC), thalamus, basal ganglia, and cerebellum (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).
We found task-related deactivation in medial prefrontal cortex, especially medial
aspects of superior frontal gyrus (mPFC),
hippocampal formation and parahippocampal gyrus, posterior cingulate, and
superior temporal gyrus (supplemental
Fig. 1, available at www.jneurosci.org as
supplemental material).

Figure 1. Effect of RGS4 genotype on brain activation during working memory. Image depicts positive (red) and negative
(green) correlations between two-back activation and the number of A alleles. Image thresholded at 0.01 uncorrected, k ⬎ 8.
Table 1. Effect of RGS4 on working memory activation (activations thresholded at 0.01 uncorrected, k > 8)

RGS4 effect on BOLD response
BA
x
y
z
Cluster size (voxels)
z score
p value
RGS4 A allele load was associated with al- Location
terations in the neural response to work- Positive correlation with allele A
ing memory challenge. Regression analyLeft ventrolateral PFC
47
⫺45
29
⫺6
15
3.43
0.000
Left inferior parietal lobule
40
55
⫺35
40
8
2.84
0.002
sis revealed a positive correlation between
the number of A alleles and BOLD fMRI Negative correlation with allele A
Right inferior temporal gyrus
37
51
⫺58
⫺2
39
3.93
0.000
activation in left ventrolateral PFC [BA 47
Right middle temporal gyrus
39
55
⫺49
19
18
3.52
0.000
( p ⬍ 0.001, uncorrected)]. Additionally,
Right ventrolateral PFC
47
34
14
⫺11
18
3.39
0.000
we found a negative correlation between A
Right dorsolateral PFC
10
26
44
3
23
3.10
0.001
allele load and BOLD fMRI response in
Right caudate
15
18
⫺1
11
2.78
0.003
several regions, including posterior right
inferior temporal gyrus (pITG) (BA 37),
deed, using the right hemisphere pITG, pMTG, VLPFC, and
posterior right middle temporal gyrus (pMTG) (BA 39), right
DLPFC foci as seed regions for functional connectivity analyses,
ventrolateral PFC (BA 47), right dorsolateral PFC (BA 46/10)
we found a reliable pattern of disrupted connectivity associated
( p ⬍ 0.001, uncorrected), and right caudate ( p ⬍ 0.003, uncorwith the A allele that is consistent with previous findings in
rected.) Thus, relative to C homozygotes, A allele carriers are
schizophrenic patients (see Discussion). Specifically, we saw a
characterized by hypoactivation in right temporal cortex, right
negative correlation between RGS4 A allele load and connectivity
ventral PFC, and right caudate, in the context of hyperactivation
between these foci and key nodes of the working memory netin left ventral PFC, during working memory despite matched
work, including DLPFC and PPC ( p ⬍ 0.05, corrected for mulperformance between groups. (Fig. 1, Table 1). To address the
tiple comparisons). Additionally, we found a positive correlation
potential for type I error, we analyzed an unlinked SNP of similar
between RGS4 A allele load and connectivity between these foci
minor allele frequency with few reported associations to schizoand areas that are deactivated during working memory, especially
phrenia diagnosis (rs1507754). We did not observe an associamPFC, superior temporal cortex, posterior cingulate, and paration between allelic variation at this negative-control SNP and
hippocampal gyrus (Fig. 2, Table 2) ( p ⬍ 0.05, corrected). Exactivation in the working memory network at the chosen
amining the left hemisphere ventrolateral PFC cluster as a seed
threshold.
region revealed the opposite pattern of A-associated connectivity.
We observed a positive correlation between RGS4 A allele load
RGS4 effect on functional connectivity
and connectivity between this cluster and key working memory
We expected that working memory connectivity associated with a
nodes, including DLPFC and PPC (Fig. 3, Table 2) ( p ⬍ 0.05,
putative schizophrenia risk gene would be altered in a lawful
corrected). Thus, allele A was associated with increased right venmanner. Based on previous findings, we predicted increased PFC
tral prefrontal connectivity with medial prefrontal cortex, supeconnectivity with regions that are deactivated during working
rior temporal gyrus, posterior cingulate, and parahippocampal
memory (e.g., hippocampal formation, medial prefrontal cortex,
gyrus, and increased left ventral prefrontal connectivity with dorand superior temporal gyrus), as this has been shown previously
in schizophrenic subjects (Meyer-Lindenberg et al., 2005). Insolateral prefrontal cortex and posterior parietal cortex.
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Functional and structural connectivity
analysis using an occipital control
To test the specificity of these connectivity
changes to the frontoparietal and frontotemporal networks outlined above, we examined RGS4-dependent functional and
structural connectivity using a “control
region” seed (a 5 mm sphere centered in
occipital cortex; MNI coordinates 30,
⫺75, 20) in which activation during working memory did not differ across RGS4
genotypes. At our threshold of p ⬍ 0.05
(FDR corrected for multiple comparisons), we did not see any differences in
functional or structural connectivity related to RGS4 genotype.
Behavioral correlates of genotypedependent changes in function
and structure
To validate the relevance of our imaging
findings to behavior and demonstrate that
Figure 2. Effect of RGS4 genotype on functional connectivity, right VLPFC seed. Image depicts positive correlation between the
the changes evident in A carriers may be
number of A alleles and working memory-related network connectivity with right VLPFC reference region. Unthresholded image;
adverse and could thus be credibly
color bar represents t score values.
claimed as contributing to disease risk, we
correlated these imaging parameters with
a measure of information processing
speed (two-back reaction time). Reaction
Voxel-based morphometry
time during working memory and cognitive control has been
RGS4 effect on brain morphology
shown previously to relate to BOLD activation and network conGray matter. RGS4 genotype was associated with relative differnectivity, as well as individual differences in brain morphology
ences in regional gray matter volume in the human brain. Sub(Rypma and D’Esposito, 1999; Posthuma et al., 2003; Haier et al.,
jects carrying the RGS4 A allele showed decreased gray matter
2005; Lenartowicz and McIntosh, 2005; Liston et al., 2005).
volume in right VLPFC, BA 47 ( p ⬍ 0.001, uncorrected). We also
Therefore, we expected, and found, that the functional and strucnoted decreased GM volume in bilateral thalamus ( p ⬍ 0.001,
tural alterations evident in A carriers were associated with slower
uncorrected) and right superior temporal gyrus ( p ⬍ 0.001, uninformation processing, i.e., increased reaction times.
corrected) in A subjects. However, we did not observe any structural changes in left VLPFC (Fig. 4, Table 3). We did not find an
Working memory BOLD
Right ventrolateral PFC BOLD and reaction time during working
association between our negative-control SNP and gray matter
memory were inversely related (r ⫽ ⫺0.22; p ⬍ 0.05) such that
structure in these regions.
lower functional activation, as seen in rs951436 A subjects, preWhite matter. Given our findings of decreased BOLD signal
dicted higher response latencies for correct trials. We found eviduring working memory and gray matter volume in right PFC,
dence for a similar relationship between reaction time and actiwe sought to investigate the impact of RGS4 genotype on prevation in the right inferior (r ⫽ ⫺0.21; p ⬍ 0.05) and middle (r ⫽
frontal white matter morphology. RGS4 A carriers demonstrated
⫺0.26; p ⬍ 0.05) temporal gyri.
significant volume decreases in right ventral prefrontal white
matter ( p ⬍ 0.05 corrected for multiple comparison within a
Functional connectivity
right prefrontal region of interest) (Fig. 5, Table 4). We did not
RGS4-dependent changes in functional connectivity during
observe white matter volume differences in our group analysis of
working memory also correlated with reaction time. We found an
the negative-control SNP.
inverse relationship between response latency and functional
coupling between right VLPFC and left parahippocampal gyrus
RGS4 effect on structural connectivity
(r ⫽ ⫺0.21; p ⬍ 0.05), as well as right VLPFC and left medial
Using the area of decreased GM volume in right VLPFC identifrontal gyrus (r ⫽ ⫺0.21; p ⬍ 0.05).
fied in our voxel-based morphometry analysis as a seed, we analyzed correlated changes in GM throughout the rest of the brain
White matter
as a function of RGS4 genotype. Given our functional finding of
White matter volume, which we found to be relatively decreased
increased left VLPFC BOLD, we hypothesized a correlation bein rs951436 A subjects, predicted reaction time during a version
tween right and left VLPFC GM volumes. We used a left ventral
of the n-back working memory task performed outside of the
PFC seed to test our hypothesis of a region ⫻ genotype interacscanner. Right ventral prefrontal white matter volume was intion for prefrontal structural connectivity and did indeed observe
versely correlated with reaction time (r ⫽ ⫺0.22; p ⬍ 0.05).
significantly increased connectivity between right and left VLPFC
in A homozygote subjects relative to C homozygotes ( p ⬍ 0.05,
Discussion
corrected) (Table 5). Examining the entire brain, we also found
The present study suggests that RGS4 allelic variation may impact
relatively increased right VLPFC–left hippocampus structural
several MRI-based measures of functional and structural conneccoupling in A individuals ( p ⬍ 0.001, uncorrected).
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Table 2. Effect of RGS4 on working memory functional connectivity (activations thresholded at t > 2.5, k > 8)
Reference ROI
Positive correlation with allele A
Left ventrolateral PFC (⫺45, 29, ⫺6)

Right ventrolateral PFC
(34, 14, ⫺11)

Location

BA

x

Left ventrolateral PFC
Left dorsolateral PFC
Left superior frontal gyrus
Right dorsolateral PFC
Right ventrolateral PFC
Right supplementary motor area
Left cerebellum
Right middle frontal gyrus

47
9
9
9
47
6

⫺34
⫺38
26
38
38
4
⫺45
40

29
41
78
45
21
13
46
2

⫺1
31
35
31
⫺1
49
⫺33
50

Right transverse temporal gyrus
Right superior temporal gyrus
Right superior temporal gyrus
Right parahippocampal gyrus
Left posterior cingulate
Left precentral gyrus
Left superior temporal gyrus
Left superior frontal gyrus (medial)
Right superior frontal gyrus (medial)
Right caudate

21
41
38

45
51
38
38
⫺19
⫺55
⫺51
⫺25
15
⫺11

⫺15
⫺18
7
⫺1
⫺50
⫺10
10
39
39
19

⫺9
12
⫺15
⫺10
⫺8
12
⫺20
48
48
16

6

30
3
38
8/9
8/9

y

z

Cluster size (voxels)
131
49
247
108
113
44
36
88
1046***
%
%
%
%
258***
%
155
13
49

z score

p value

5.01
4.53
4.43
3.93
3.90
3.76
3.72
3.30

0.000*
0.000*
0.000*
0.000*
0.000*
0.000*
0.000*
0.000**

4.39
4.30
4.12
3.91
3.88
4.17
3.69
3.75
3.47
3.40

0.000*
0.000*
0.000*
0.000*
0.000*
0.000*
0.000*
0.000*
0.000*
0.000*

*, Survives voxelwise correction for multiple comparisons; **, survives clusterwise correction for multiple comparisons; ***, peak voxel of cluster; %, peak within larger cluster above.

tivity in the healthy human brain. In our
sample of healthy subjects, we show that
the RGS4 A allele is significantly associated with changes in the functional coupling of information processing nodes
during working memory, in gray matter
structural connectivity, and in regional
white matter volume. Some of these alterations are qualitatively analogous, but not
identical to, differences in working
memory-associated BOLD response,
functional connectivity, and regional gray
and white matter volume demonstrated
by schizophrenic patients. It is unclear exactly what these changes reflect, whether
they are deleterious or compensatory, or
how they may be related to the clinical association of this gene with schizophrenia.
Several recent studies have linked genetic
variation associated with increased risk for
schizophrenia to deleterious changes in
neural function and structure (Egan et al.,
2001, 2004; Addington et al., 2005; Calli- Figure 3. Effect of RGS4 genotype on functional connectivity, left VLPFC seed. Image depicts positive correlation between the
cott et al., 2005; Cannon et al., 2005; number of A alleles and working memory-related network connectivity with left VLPFC reference region. Unthresholded image;
Ohnishi et al., 2005; Gurling et al., 2006). color bar represents t score values.
The current finding of RGS4 A-associated
alterations in brain morphology and
studies have repeatedly identified abnormal prefrontal activation
working memory activation and connectivity in healthy subjects
in schizophrenia (for review, see Callicott and Weinberger,
adds to the evidence for the impact of RGS4 on brain function
1999). Our finding of altered ventrolateral prefrontal engageand structure and may shed light on its putative role as a schizoment in A carriers accords with a number of studies in which
phrenia susceptibility gene.
schizophrenic patients abnormally activate this region (Barch et
al., 2001; Perlstein et al., 2001; Callicott et al., 2003b; Tan et al.,
Activation
2006). Ventrolateral PFC subserves several aspects of executive
Because these differences do not survive whole-brain correction
cognition, including inhibitory control (Liddle et al., 2001; Aron
for multiple comparisons, our finding of changes in working
et al., 2004; Morita et al., 2004), set shifting (Nakahara et al., 2002;
memory-related activation in RGS4 A allele carriers is suggestive
Shafritz et al., 2005), stimulus selection (Rushworth et al., 1997),
but not compelling. However, we feel that some comment on the
interference suppression (Kemmotsu et al., 2005), and on-line
pattern of activation differences between genotypes may be inmaintenance of items in WM (Veltman et al., 2003).
structive. Consistent with the long-standing observation of impaired performance on PFC-dependent tasks, neuroimaging
In addition to differences in prefrontal activation and deacti-
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organization by process type, with superior PFC specialized for
monitoring and manipulating information in WM and ventral
PFC involved in WM rehearsal (Owen, 1997, 2000; D’Esposito et
al., 1998). Along the left–right axis, there is evidence in favor of
left-lateralized activations for verbal and object WM and right
lateralization for spatial working memory in ventral PFC (Wager
and Smith, 2003). However, our block-design version of the
n-back task does not allow for separate examination of distinct
working memory subcomponents, and either verbal or spatial
neural strategies may be used to perform the task, limiting our
ability to draw definitive conclusions from our finding of lateralized changes in prefrontal function associated with RGS4 genotype. Additional studies using more cognitively specific versions
of the n-back will be key to understanding the precise neurofunctional changes associated with RGS4 variation.
Connectivity
In addition to task-related neural activation, functional connectivity, a linear measure of BOLD activity covariation between two
or more regions (Ramnani et al., 2004), is emerging as a useful
neuroimaging phenotype for characterizing network-level information processing dysregulation. Several studies have found aberrant functional connectivity in schizophrenic patients during
the performance of cognitive tasks (Friston and Frith, 1995;
Meyer-Lindenberg et al., 2001, 2005; Peled et al., 2001; Winterer
et al., 2003; Foucher et al., 2005; Tan et al., 2006). For instance,
Meyer-Lindenberg et al. (2001) demonstrated that schizophrenic
Figure 4. Effect of RGS4 genotype on gray matter volume. Image depicts negative correlasubjects fail to disengage medial prefrontal, parahippocampal gytion between the number of A alleles and gray matter structural volume, thresholded at 0.05
rus, and superior temporal gyrus during working memory; conuncorrected, k ⬎ 500.
nectivity analysis identified two distributed networks involving
hippocampus and inferotemporal cortex
(in patients) and dorsolateral prefrontal
Table 3. Effect of RGS4 on gray matter (thresholded at 0.01 uncorrected, k > 500)
and parietal cortex (in controls) that difLocation
BA
x
y
z
Cluster size (voxels)
z score
p value
ferentiated subjects based on disease staNegative correlation with allele A
tus. Callicott et al. (2003b) replicated the
Right superior temporal gyrus
22
48
⫺47
19
765
3.49
0.000
finding of hippocampal overactivation
Thalamus
1
⫺9
1
3751
3.21
0.001
during WM in poorly performing schizoRight ventrolateral PFC
47
56
17
⫺3
883
3.14
0.001
phrenic patients using fMRI, and a recent
Left inferior parietal lobule
40
⫺65
⫺37
36
500
3.08
0.001
positron emission tomography study
showed increased DLPFC– hippocampus
vation, RGS4 A subjects showed changes in temporal and subcorfunctional connectivity in schizophrenic subjects during working
tical regions that are also involved in aspects of working memory.
memory (Meyer-Lindenberg et al., 2005). The current finding of
For example, the inferior temporal area is a terminal region of the
decreased right VLPFC connectivity to DLPFC and parietal corventral visual pathway (Ungerleider and Mishkin, 1982) that is
tex and increased connectivity to medial frontal gyrus, superior
implicated in the maintenance of visual objects during working
temporal gyrus, and parahippocampal gyrus (areas in which
memory by single-unit recording, fMRI, and lesion studies
schizophrenic patients activate more than healthy subjects) sug(Miller et al., 1993; Petrides, 2000; Ranganath et al., 2004). Actigests that RGS4 rs951436 variation biases individuals with allele A
vation in this region may reflect a neural working memory “strattoward a pattern of working memory-related functional connecegy” that is based on visuospatial, as opposed to phonological,
tivity seen previously in schizophrenic patients. That the connecinformation processing. Caudate activation in the n-back task
tivity observed in A subjects is associated with slower reaction
may be specific to the manipulation of working memory repretimes during WM supports our suggestion that the change in
sentations (Lewis et al., 2004).
functional coupling observed in these subjects is in some way
We observed laterality differences in WM activations and deadverse or inefficient.
activations associated with the rs951436 A allele. Although there
We have not specifically tested for a relationship between
is general agreement that prefrontal cortex is a key working memfunctional and structural connectivity in this dataset. This limits
ory node in humans and nonhuman primates, alternate concepts
our ability to comment on the precise meaning of RGS4
of functional segregation within prefrontal cortex abound in the
genotype-dependent structural connectivity changes in the conliterature (Levy and Goldman-Rakic, 2000; Rainer and Rangatext of our other finding of RGS4 genotype-dependent functional
nath, 2002; Wager and Smith, 2003). Along a dorsoventral axis,
connectivity changes. However, it should be noted that there is
some groups have proposed an anatomical organization accordpartial overlap between the patterns of functional and structural
ing to material type, with superior aspects of PFC associated with
connectivity alterations evident in carriers of the RGS4 A allele,
spatial WM and inferior regions implicated in object WM
particularly with reference to right and left VLPFC connectivity
(Goldman-Rakic, 1987; Romanski, 2004). Others have suggested
and right VLPFC– hippocampus connectivity.
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Morphometry
The significant correlation between white matter volume and
reaction time in right ventral PFC suggests that the reductions in
ventral prefrontal white matter observed in RGS4 A individuals
may have some behavioral relevance. These changes parallel previous structural imaging (Paillere-Martinot et al., 2001; Suzuki et
al., 2002; Ho et al., 2003; Wolkin et al., 2003; Kubicki et al., 2005;
Mitelman et al., 2005) and neuropathological (Hakak et al., 2001;
Hof et al., 2002; Davis et al., 2003; Flynn et al., 2003; Tkachev et
al., 2003) studies, which have found reduced white matter density
in schizophrenic patients. In addition, although not significant at
our established threshold, rs951436 A subjects show a trend for
reduced gray matter volume in several regions, including ventral
PFC, superior temporal gyrus, and thalamus, highlighted in a
recent meta-analysis of gray matter morphology in schizophrenic
patients (Honea et al., 2005). Allelic variation in RGS4 might
impact brain structure in a number of ways, because it is dynamically expressed throughout the brain during development and is
thought to influence neuronal differentiation through its regulation by the paired-like homeodomain protein Phox2b (Grillet et
al., 2003). In addition, RGS4 regulates signaling at receptors for
other neurotransmitters (e.g., serotonin) whose roles in neurodevelopment are well established. Disrupted signaling at any of
these sites during development could lead to changes in brain
structure.
Limitations
A threshold of p ⬍ 0.05, corrected for multiple comparisons via
Figure 5. Effect of RGS4 genotype on white matter volume. Image depicts negative correFDR was applied consistently to all imaging datasets. Although
lation between number of A alleles and white matter structural volume, thresholded at 0.005
white matter morphometric and connectivity findings (strucuncorrected, k ⬎ 500. Rendered on single-subject T1-weighted image to visualize localization
tural and functional) meet this threshold, regional activation and
of gene effect on white matter in right ventral prefrontal region.
gray matter volume findings do not. Because we cannot therefore exclude the
Table 4. Effect of RGS4 on white matter (thresholded at 0.01 uncorrected, k > 500)
possibility that these findings resulted
BA
x
y
z
Cluster size (voxels)
z score
p value
from type I error, we include them for the Location
purpose of explaining the selection of re- Negative correlation with allele A
Right ventral PFC
48
31
10
4020
3.68
0.000*
gions of interest for the connectivity analyses and do not mean to imply that they *, Survives voxelwise correction for multiple comparisons.
are compelling in their own right.
The RGS4 SNP under investigation in
Table 5. Effect of RGS4 on structural connectivity, right ventrolateral PFC seed (thresholded at 0.01 uncorrected,
this study is in high LD with the three
k > 500)
other 5⬘ markers that have shown associaBA
x
y
z
Cluster size (voxels)
z score
p value
tion with schizophrenia in at least one Location
study. Therefore, its impact may represent Left ventrolateral PFC
47
⫺52
24
10
3824
4.17
0.000*
⫺29
⫺9
⫺13
1889
3.77
0.000
primary effects related to one of these Left hippocampus
other SNPs or to haplotypes containing *, Survives voxelwise correction for multiple comparisons.
these SNPs. Likewise, there may be other
currently unknown genetic variants with
which it may also be in high LD. Also, given the suggestion that
ation in a recent meta-analysis (Talkowski et al., 2006), circumRGS4 SNPs are in LD with markers in other putative schizophrevents the multiple comparisons issue that would apply in testing
nia risk genes (Puri et al., 2007), we cannot rule out the possibility
all variants within the region of high LD in the 5⬘ upstream region
that the functional and structural consequences of variation in
of this gene.
rs951436 result from the impact of another susceptibility gene in
Further hindering interpretation of the current data are that
the 1q23.3 region. In other words, we cannot assert that the funcfact that the functional consequences of the A3 C base pair subtional and structural changes described in this study are attributstitution at rs951436 remain uncharacterized. Therefore, we are
able exclusively to variation at rs951436 and not to one or more
unable to offer an exact mechanism for how RGS4 variation at
linked markers. However, the fact that there is such high LD
this or nearby loci might lead to the observed results. However,
within this narrow 5⬘ untranslated region suggests that we may
the location of this SNP, in the putative promoter region of the
use rs951436 as a surrogate for other linked SNPs with previous
gene, provides a clue to likely functional outcomes after allelic
positive associations to schizophrenia and that similar results to
variation, namely altered transcriptional efficiency of RGS4. This
those seen here could reasonably be expected by testing these
notion is supported by the Mirnics et al. (2001) finding of deSNPs. Importantly, testing only rs951436, the most consistently
creased RGS4 mRNA in schizophrenic PFC, although it is not
associated variant across studies and the most significant associclear whether altered RGS4 expression is related to genotype at
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this SNP. The transcriptional response of RGS4 to receptor activation has been suggested to play an important role in its ability
to dynamically regulate GPCR signal transduction, especially in
response to stress (Ni et al., 1999). Therefore, genetic variation
affecting transcriptional response in the RGS4 gene, and by extension, expression of RGS4 protein, may lead to a dysregulated
postsynaptic milieu and changes in the second-messenger pathways of RGS4-linked GPCRs, resulting in poorer stress resilience
during development. This increased vulnerability to stress may
play a role in the genetic association of RGS4 to schizophrenia
risk.
In the current study, functional and structural changes are
seen in subjects possessing an A allele. Previous positive associations to schizophrenia have been found with both allele A and C,
although allele A has been most consistently associated in casecontrol studies (Talkowski et al., 2006). Although we cannot
comment on this issue with the present data, there is some evidence for allelic heterogeneity or at the very least a complex genotype–phenotype relationship, with RGS4. Specifically, in the
original association study by Chowdari et al. (2002), three independent cohorts were examined. They found significant transmission distortion in two of these but with different alleles overtransmitted in each. Notably, this group also found decreased
PFC volume with allele A in the same cohort in which allele A was
over-transmitted to patients (Prasad et al., 2004). The authors
raise the possibility that the differing associations between the
samples (and presumably, between the studies) represent independent risk factors. These variable allele findings also suggest
that, if the associations are valid, this SNP is a marker monitoring
different haplotypic backgrounds.
We observed a trend-level difference in WAIS-IQ score between RGS4 homozygote groups (RGS4 C/C subject mean ⬃6
points higher than RGS4 A/A subject mean), potentially important considering the proposed interdependence between IQ and
working memory capacity (Conway et al., 2003). However, using
post hoc ANCOVA and multiple regression analyses to explicitly
test for an influence of this trend on our imaging results, we
found that it did not alter our findings.
Additional investigation is necessary to confirm a diseasespecific impact of the changes found herein. To this end, future
study of functional and structural alterations associated with
rs951436 in schizophrenic subjects and their unaffected siblings
is suggested; any such changes in probands should be examined
with respect to clinically relevant disease markers, such as age at
onset, cognitive impairment, and antipsychotic response. Additionally, analyzing the impact of RGS4 on the background of
other genetic variants associated with schizophrenia (gene– gene
interactions) may further elucidate the role of this gene in schizophrenia pathogenesis.
Conclusions
This study suggests a role for RGS4 variation in working
memory-related activation and functional coupling and gray and
white matter volume in healthy human subjects. We believe that
the current findings support the notion that RGS4 variation contributes to risk for psychiatric illness.
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