
ONLINE FIRST

ORIGINAL ARTICLE

Altered Cortical Network Dynamics

A Potential Intermediate Phenotype for Schizophrenia
and Association With ZNF804A
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Context: Studies have shown patterns of abnormal
dorsolateral prefrontal cortex (DLPFC) functional con-
nectivity with other brain areas in schizophrenia and
association of these patterns with a putative susceptibil-
ity gene (ZNF804A). However, whether these patterns
are trait phenomena linked to genetic risk for illness is
unclear.

Objective: To test the hypotheses that altered DLPFC con-
nectivity is (1) a familial, likely heritable feature of ge-
netic risk for schizophrenia, (2) a novel intermediate phe-
notype independent of altered DLPFC engagement, and (3)
selectively modulated by a polymorphism in ZNF804A.

Design: Cross-sectional case-control study using blood
oxygen level–dependent functional magnetic resonance
imaging during a working memory task and genotyping
of rs1344706 in ZNF804A.

Setting: Research center.

Participants: A total of 402 subjects (153 cognitively
normal controls, 171 healthy siblings of patients with
schizophrenia, and 78 patients).

Main Outcome Measures: Task-independent and task-
dependent physiologic coupling between the DLPFC and
other brain “target” regions investigated with (1) seeded

connectivity and (2) psychophysiological interaction
analysis.

Results: Siblings and patients showed greater DLPFC “in-
efficiency”thancontrols.AbnormalDLPFCfunctionalcou-
pling with the hippocampus and, to a lesser degree, the rest
of the prefrontal cortex, was observed in patients and sib-
lings when compared with controls using both connectiv-
ityanalyses.Prefrontalactivationandconnectivitymeasures
within siblings did not correlate, implying that they were
independent phenomena. The ZNF804A genotype signifi-
cantly modulated DLPFC coupling with the hippocampus
andprefrontal cortexbutnotDLPFCactivity in thecontrol
group. Similarly, ZNF804A genotype modulated right
DLPFC–hippocampal formation coupling in siblings and
patients.

Conclusions: Coupling between the DLPFC and hippo-
campus is compromised in siblings of patients with schizo-
phrenia and is independent of DLPFC engagement. The
selective association with a single-nucleotide polymor-
phism in ZNF804A suggests that this intermediate pheno-
type proxies a distinct neural system mechanism related
to genetic risk for schizophrenia and the biology of this gene.
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I MAGING TECHNIQUES HAVE BEEN

increasingly used to elucidate the
role and functions of genes asso-
ciated with genetic risk for psy-
chiatric illnesses. Imaging genet-

ics studies suggest that genes associated
with risk of schizophrenia not only modu-
late brain structure and activity in spe-
cific regions implicated in the neurobiol-
ogy of schizophrenia1-19 but also the
functional coupling of different brain
areas.4-6,9,10,20-22 The latter findings are par-
ticularly intriguing because brain process-
ing of even simple information engages
networks of interacting neural systems and
schizophrenia, like most behavioral dis-

orders, may be better characterized as a
syndrome of altered functional coupling
within cortical circuits. In fact, the grow-
ing literature of imaging genetic studies in
samples of cognitively normal subjects
confirms that many genes associated with
risk of schizophrenia modulate normal
variation in brain activation, tuning, and
functional coupling within circuitries.23

A recent example of this trend is a high-
profile study of cognitively normal sub-
jects that described a strong association of
a single-nucleotide polymorphism (SNP)
(rs1344706) in ZNF804A (OMIM 602282),
a gene showing statistically significant
clinical association in a genome-wide as-
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sociation study of psychosis,24 with altered connectivity
of the dorsolateral prefrontal cortex (DLPFC) with other
cortical regions.20 The patterns of altered connectivity as-
sociated with ZNF804A genotype were similar to those
previously reported to be characteristic of patients with
schizophrenia when compared with control sub-
jects.25-27 The interpretation of this finding was that the
imaging association identified a neural system mecha-
nism that could underlie the clinical association of
ZNF804A with schizophrenia, at least partially. How-
ever, this conclusion may not be justified by those data
alone. Patterns of altered cortical function in patients with
schizophrenia may reflect genetic, nongenetic, and/or ill-
ness-related factors (eg, treatment, symptoms, smok-
ing, general health issues).28 Moreover, many genes will
impact on brain function by mechanisms not necessar-
ily related to those by which they relate to clinical risk.
To link the imaging association to a potential mecha-
nism of genetic risk for the clinical diagnosis requires dem-
onstration at the least that the neural association repre-
sents a heritable, susceptibility-related phenotype (ie, an
intermediate or endophenotype).29

One strategy to identify neuroimaging intermediate phe-
notypes, ie, abnormal imaging responses that resemble those
observed in patients and associated with increased ge-
netic risk for illness, is to study individuals who carry risk-
associated genes but not confounding factors.30-32 The
healthy siblings of patients with schizophrenia are one such
population. This approach has been widely and success-
fully used by ourselves and others to define discrete ab-
normal brain activities as imaging intermediate pheno-
types (for example, prefrontal cortex activity during the
N-Back task),33,34 but there have been a limited number of
studies examining the heritability of coupling between dif-
ferent brain regions in healthy individuals who carry the
genes that convey risk.35-38 These few studies are charac-
terized by small samples that cross generations, differing
methods used to measure the functional coupling, and per-
formance differences between groups that can weaken the
interpretation of results. Therefore, the nature of func-
tional coupling abnormalities in schizophrenia as inher-
ited vulnerability is unclear.

The first aim of this study was to test whether coupling
of the DLPFC with other brain areas, mainly the hippo-
campus, consistently described as altered in schizophre-
nia, fulfilled the characteristics of a potential intermediate
phenotype related to genetic risk for schizophrenia. We ex-
plored the functional coupling between fronto-frontal,
fronto-hippocampal, fronto-parietal, and fronto-striatal re-
gions because these networks have received the most at-
tention in the neuroimaging literature related to schizo-
phrenia and putative susceptibility genes.20,39 We used both
task-dependent and task-independent approaches to ex-
plore the functional coupling during the execution of a
working memory task33 in a relatively large sample of cog-
nitively normal controls, patients with schizophrenia, and
nonpsychotic siblings of patients with schizophrenia with
similar performance to the control group. The second aim
of the study was to test whether the potential intermedi-
ate phenotype of abnormal DLPFC coupling is indepen-
dent of an earlier established intermediate phenotype re-
lated to abnormal DLPFC activity (inefficiency),33 and thus

whether these 2 physiological measures are not redun-
dant and might represent independent neural risk mecha-
nisms. For this aim, we tested the correlation of these phe-
notypes within individuals. Finally, to validate the biological
independence of the 2 intermediate phenotypes (DLPFC
activation and coupling) and replicate a prior association
of ZNF804A rs1344706 with DLPFC coupling, we tested
for a selective modulation of DLPFC-hippocampus cou-
pling by this SNP.20

METHODS

PARTICIPANTS

Patients with schizophrenia and their unaffected siblings were
recruited as part of the Clinical Brain Disorders Branch Sib-
ling Study (National Institutes of Health Protocol 95-M-
6150), a study of neurobiological aspects of the illness related
to genetics. Cognitively normal controls were recruited from
the National Institutes of Health Clinical Research Volunteer
Program. Inclusion and exclusion criteria are described in the
supplementary “Methods” section (eAppendix; http://www
.archgenpsychiatry.com).

EXPERIMENTAL PARADIGM
AND IMAGING DATA

Subjects performed a 2-Back working memory paradigm during
whole-brain 3-T blood oxygen level functional magnetic reso-
nance imaging. A measure of seeded connectivity was estimated
to assess for brain connectivity between right DLPFC and other
brain regions after adjusting for task-related activity. Using Sta-
tistical Parametric Mapping 5 (SPM5; Wellcome Trust Centre for
Neuroimaging, London, England), the time series were tempo-
rally filtered to remove low-frequency signals and adjusted for
global signal, movement parameters, white matter, and cerebro-
spinal fluid. The resulting � images were then analyzed in ran-
dom effects models in SPM5. For Psychophysiological Interac-
tion Analysis (PPI)40, a general linear model was constructed at
the first level using 3 regressors: (1) the deconvolved blood oxy-
gen level–dependent signal from the right DLPFC seed region (the
same seed defined in the seeded connectivity analysis), (2) the
task-related predictor (2-Back and 0-Back), and (3) the interac-
tion term between the first and the second regressor. The con-
trasts were taken to a second-level random-effects analysis to ex-
amine differences across groups in cortical and subcortical regions
functionally coupled with the right DLPFC, specifically because
of the change in the working memory load. Details on task, analy-
sis of imaging data, and statistical inference are described in the
supplementary “Methods” section (eAppendix).

To control for nonindependence of data obtained from sib-
lings and patients, cluster correction analysis was applied
(STATA 9.2; StataCorp LP, College Station, Texas) and only
results that were still significant with cluster correction are re-
ported. In addition, we repeated all of the analyses on the in-
termediate phenotype in the sample of controls, siblings, and
patients, after excluding 41 unaffected siblings who had an af-
fected family member included in the analysis.

COMPARISON BETWEEN ABNORMAL
ACTIVATION AND ABNORMAL COUPLING
IN SIBLINGS DURING WORKING MEMORY

To evaluate whether the significant difference obtained in DLPFC
activation in siblings when compared with controls could ex-
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plain the significant difference in DLPFC coupling observed
in siblings when compared with controls, an intraclass corre-
lation coefficient was calculated between DLPFC activation and
each of the connectivity measurements in the sibling group.41

ANALYSIS OF ZNF804A POLYMORPHISM EFFECT

We genotyped the original ZNF804A SNP rs1344706, previ-
ously described (1) as the region with strongest evidence of as-
sociation with risk for psychosis in the genome-wide associa-
tion study (A allele, major allele)24 and (2) to modulate prefrontal
cortex (PFC) coupling.20 The effect of rs1344706 on DLPFC
activation and functional coupling using seeded connectivity
and PPI approaches was explored in each group (controls, sib-
lings, and patients). Details of genotyping methods and neu-
roimaging analysis are in the supplementary “Methods” sec-
tion (eAppendix).

RESULTS

DEMOGRAPHIC AND BEHAVIORAL DATA

Demographic, clinical, and performance data for the
sample (n=402) are in the Table. Controls and siblings
did not differ in age, sex, intelligence quotient (mea-
sured by Wechsler Adult Intelligence Scale and Wide
Range Achievement Test), or performance, while pa-
tients differed in these variables. Notably, because con-
trols and siblings did not differ in performance data (ac-
curacy and reaction time), differences in the functional
magnetic resonance imaging data between these 2 groups
reflected differences in how the information is pro-
cessed in the brain and not task performance.

DIFFERENCE IN WORKING MEMORY–RELATED
DLPFC ACTIVITY BETWEEN GROUPS

As previously reported,33,34 siblings showed a signifi-
cant increase in DLPFC activation when compared with
controls during working memory (2-Back–0-Back task;
x, y, z=33, 39, 39; z=2.96; P= .04, familywise error

[FWE]–corrected within ROI) for the same level of per-
formance (ie, greater inefficiency). Patients also showed
greater activation of the right DLPFC compared with con-
trols (x, y, z=45, 48, 3; z=4.18; P=.02, false discovery
rate–corrected for whole brain; P=.10, FWE-corrected
for whole brain).

SEEDED CONNECTIVITY ANALYSIS

Main Effect

Seeded connectivity in each group (1-sample t test) is
shown in Figure 1. Each group (controls, siblings, and
patients) showed significant coupling between right
DLPFC and ipsilateral and contralateral PFC, including
the anterior cingulate cortex, bilateral inferior temporal
gyri, bilateral superior and inferior parietal lobules
(IPL), and striatum. The opposite contrast showed sig-
nificant coupling between right DLPFC and medial
frontal gyrus, bilateral superior and middle temporal
gyrus, bilateral hippocampal formation (HF), bilateral
posterior central gyrus, and posterior cingulate/
precuneus (eTable 1).

Group Comparison Analyses

Right DLPFC–Bilateral HF Coupling. A significant dif-
ference in coupling between the right DLPFC and right
HF was found across groups (x, y, z=15, −6, −15; z=3.40;
P=.05, FWE-corrected within bilateral HF ROI). This dif-
ference was driven by an abnormal coupling both in sib-
lings and patients compared with controls (controls vs
patients P� .001; controls vs siblings P=.04; siblings vs
patients P=.02) (Figure 2A). The results were similar,
even when using performance as a covariate (controls vs
patients P� .001; controls vs siblings P=.04; siblings vs
patients P=.02). The coupling between right DLPFC and
left HF also showed a similar pattern; however, the dif-
ference across groups did not survive correction for mul-
tiple comparisons (x, y, z=−30, −39, 3; z=2.42; P=.008,

Table. Demographic and Performance Data of the Sample

Sample Characteristics
(N=402)

Mean (SD)

P Valuea

Fisher LSD Post Hoc t Test

Controls
(n=153)

Siblings
(n=171)

Patients
(n=78)

Controls vs
Siblings

Controls vs
Patients

Siblings vs
Patients

Age, y 35 (9) 36 (10) 35 (10) .33 0.33 0.54 0.16
Men/women 68/85 71/100 58/20 �.001 0.67 �0.001 �0.001
WRAT score 108 (9) 107 (10) 104 (9) .009 0.25 0.002 0.03
Handedness 74 (52) 77 (51) 71 (58) .73 0.65 0.71 0.45
CPZE, No. (%)b NA NA 479 (487)
PANSS positive, No. (%)c NA NA 13 (7)
PANSS negative, No. (%)c NA NA 17 (9)
PANSS general psychopathology, No. (%)d NA NA 27 (10)
Correct on 2-Back, % 74 (16) 74 (19) 65 (19) �.001 0.97 �0.001 �0.001
Reaction time on 2-Back, sec 0.548 (0.257) 0.566 (0.273) 0.665 (0.232) .004 0.53 0.001 0.005

Abbreviations: CPZE, chlorpromazine equivalents; Fisher LSD, Fisher least significant difference; NA, not applicable; PANSS, Positive and Negative Syndrome
Scale; WRAT, Wide Range Achievement Test.

aAnalysis of variance.
bData not available for 3 subjects.
cData not available for 4 subjects.
dData not available for 10 subjects.
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uncorrected) (refer to eFigure 1A.1 for the plot of first
eigenvalues).

Right DLPFC–Bilateral PFC Coupling. A cross-group
analysis showed a significant difference in the coupling
within right DLPFC (ipsilateral x, y, z=42, 18, 15; z=3.98;
P=.03, FWE-corrected within bilateral PFC ROI) (con-

trols � siblings � patients). However, planned compari-
sons showed that decrease in coupling among patients
drove the results while siblings showed a trend (con-
trols vs siblings P=.07; controls vs patients P� .001; sib-
lings vs patients P=.005). Similar results were observed
when performance was used as a covariate of no interest
(controls vs siblings P=.07; controls vs patients P� .001;
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Figure 1. Functional coupling between right dorsolateral prefrontal cortex (DLPFC) and the rest of the brain (seeded connectivity). Significant coupling between
right DLPFC and the rest of the brain during the 2-Back task in each group (1-sample t test). Rendered images are thresholded at P� .001, familywise
error–corrected for the whole brain. The hippocampus is shown inside the bilateral hippocampus region of interest (z=−18; P=.05, uncorrected).
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Figure 2. A and B, Seeded connectivity group comparison analyses. A, A significant difference is seen in coupling between the right dorsolateral prefrontal cortex
(DLPFC) and right hippocampal formation (HF) (contrast controls � siblings � patients x, y, z=15, −6, −15; z=3.40; P=.05, familywise error [FWE]–corrected
within bilateral HF region of interest [ROI]). Patients and siblings showed significantly altered coupling compared with controls (post hoc 1-tail t test: controls vs
patients P� .001; controls vs siblings P=.04; siblings vs patients P=.02). B, A significant difference is seen in the coupling between the right DLPFC and right
inferior parietal lobules (IPL) (F test x, y, z=42, −33, 30; F=13.37; z=4.57; P=.002, FWE-corrected within bilateral IPL ROI). Controls showed stronger coupling
compared with siblings and patients (Fisher least significant difference post hoc 2-tail t test: controls vs siblings P=.04; controls vs patients P� .001; siblings vs
patients P=.001). C and D, Psychophysiological Interaction Analysis (PPI) group comparison analyses. C, A significant effect of task load on right DLPFC–HF
coupling (contrast controls � siblings � patients x, y, z=33, −33, 0; z=3.73; P=.02, FWE-corrected within bilateral HF ROI). When compared with controls,
siblings show a significant reduction in task-related modulation of right DLPFC–right HF coupling, while patients show minimal task-related modulation of this
coupling (planned comparison 1-tail t test: controls vs siblings P=.04; controls vs patients P� .001; siblings vs patients P=.008). D, A significant effect of
task-load modulation on right DLPFC–left ventrolateral PFC coupling (contrast controls � siblings � patients x, y, z=−36, 15, −9; z=3.87; P=.04, FWE-corrected
within bilateral PFC ROI). When compared with controls, siblings and patients show a significant reduction in task-related modulation of right DLPFC–left
ventrolateral PFC coupling (planned comparison 1-tail t test: controls vs siblings P=.01; controls vs patients P� .001; siblings vs patients P=.02). Images are
thresholded at P� .05 within ROIs only for illustrative purpose. Bars are mean ± standard error; AU indicates arbitrary units.
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siblings vs patients P=.005) (refer to eFigure, A.2 for the
plot of first eigenvalues).

Right DLPFC–Bilateral IPL. A significant difference across
groups was found in the coupling of right DLPFC and
bilateral IPL (left IPL x, y, z=−36, −39, 30; F=17.56;
z=5.33; P �.001, FWE-corrected and x, y, z=−33, −27,
30; F=12.89; z=4.48; P=.003, FWE-corrected; right IPL
x, y, z=36, −42, 27; F=14.12; z=4.72; P=.001, FWE-
corrected and x, y, z=42, −33, 30; F=13.37; z=4.57;
P=.002, FWE-corrected within bilateral IPL ROI). Post
hoc analyses showed that controls had stronger cou-
pling compared with siblings and patients between the
right DLPFC and right IPL in the following voxel: x, y,
z=42, −33, 30; controls vs siblings P=.04; controls vs pa-
tients P� .001; siblings vs patients P=.001 (Figure 2B).
This difference remained statistically significant when per-
formance was used as a covariate of no interest (con-
trols vs siblings P=.04; controls vs patients P� .001; sib-
lings vs patients P=.001) (refer to eFigure 1A.3 for the
plot of first eigenvalues). The differences observed across
groups in the other significant voxels were driven by the
patients group (controls vs siblings x, y, z=−36, −39, 30;
P = .81; x, y, z=−33, −27, 30; P = .56; x, y, z=36, −42, 27;
P=.51).

Right DLPFC–Striatum. F test in SPM showed a main ef-
fect of group in the right DLPFC–striatum coupling (eTable
2), but post hoc analyses revealed that these differences were
due to a reduction in the coupling between right DLPFC
and striatum in patients, while the controls and siblings were
not significantly different (controls vs siblings x, y, z=18,
15, 15; P=.64; x, y, z=9, 9, 15; P=.29; x, y, z=−27, 6, 12; P
= .54; x, y, z=−27, −15, 12; P = .88).

Right DLPFC–Rest of Brain. To complete our observa-
tions, an exploratory analysis on right DLPFC coupling with
the rest of the brain was performed. Only peak voxels from
the F test that survived correction for multiple compari-

sons across the whole brain are reported (eTable 2). None
of the voxels that showed altered coupling with the right
DLPFC (mostly in cingulate gyrus) across groups was dif-
ferent between siblings and controls (controls vs siblings
x, y, z=15, 24, 36; P=.17; x, y, z=15, 15, 36; P=.69; x, y,
z=21, −15, 69; P=.23; x, y, z=21, −48, 36; P=.36), but the
abnormal coupling in all of these areas was due to a reduc-
tion in coupling in patients group, except in the precu-
neus, where patients showed an increase in coupling com-
pared with the other 2 groups (eTable 2).

PPI ANALYSIS

Main Effect

Psychophysiological Interaction Analysis (Figure 3)
showed task load–related modulation (from 0-Back to
2-Back) between the right DLPFC and contralateral
ventrolateral PFC in all 3 groups (1-sample t test).
Interestingly, the task load positively modulated the
right DLPFC-bilateral hippocampus coupling in con-
trols and siblings, while in patients this modulation
was negative. In addition, each group (controls, sib-
lings, and patients) showed task load–related modula-
tion between the right DLPFC and bilateral angular
gyrus (Brodmann area 39), bilateral superior frontal
gyrus (Brodmann area 8, Brodmann area 9), medial
frontal gyrus (Brodmann area 8, Brodmann area 9),
and left postcentral gyrus. The opposite contrast
showed significant task load modulation of coupling
between right DLPFC and posterior cingulate, cuneus,
and precuneus in all 3 groups (eTable 1).

Group Comparison Analyses

Task Load–Related Modulation of Right DLPFC–
Bilateral HF Coupling. Across-group analysis showed
a significant difference in the task load modulation of
coupling between right DLPFC and bilateral HF (left
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Figure 3. Task load–related modulation of the coupling between the right DLPFC and the rest of the brain is shown with Psychophysiological Interaction Analysis
and the 2-Back task. For controls and siblings, rendered images are thresholded at P� .001, familywise error corrected for the whole brain. For patients, rendered
images are thresholded at P� .001, uncorrected for the whole brain. The hippocampus is shown inside the bilateral hippocampus region of interest (z=−12;
P� .05, uncorrected). Sagittal slices x=0.
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HF x, y, z = −27, −24, −9; z = 3.62; P = .02, FWE-
corrected within HF ROI; right HF x, y, z=24, −36, 9;
z =3.66; P = .02, FWE-corrected within bilateral HF
ROI and x, y, z = 33, −33, 0; z = 3.73; P = .02, FWE-
corrected within bilateral HF ROI). Post hoc analyses
revealed that siblings had a significant reduction in the
modulation of coupling between the right DLPFC and
right HF, while patients showed almost no modulation
(x, y, z=33, −33, 0; controls vs siblings P= .04; con-
trols vs patients P� .001; siblings vs patients P=.008;
x, y, z=24, −36, 9; controls vs siblings P=.03; controls
vs patients P� .001; siblings vs patients P=.02; similar
results were observed when performance was used as a
covariate of no interest) (Figure 2C) (refer to eFigure,
B.1 for the plot of first eigenvalues). Although siblings
showed reduced modulation of right DLPFC–left HF cou-
pling, this difference was not significant (P=.08), while
patients significantly differed from controls and sib-
lings in this modulation (patients vs siblings P=.002; pa-
tients vs controls P� .001).

Task Load–Related Modulation of Right DLPFC–
Bilateral PFC Coupling. Across-group comparison
showed a reduction in the modulation of the coupling
between right DLPFC and left ventrolateral PFC (x, y,
z=−36, 15, −9; z=3.87; P=.04, FWE-corrected within
bilateral PFC ROI). This decrease was owing to both
siblings and patients compared with controls (controls
vs siblings P= .01; controls vs patients P� .001; sib-
lings vs patients P=.02) (Figure 2D). Similar results
were observed when performance was used as a covar-
iate of no interest (controls vs siblings P=.01; controls

vs patients P� .001; siblings vs patients P=.02). (refer
to eFigure, B.2 for the plot of first eigenvalues).

Task Load–Related Modulation of Right DLPFC–
Bilateral IPL, Right DLPFC–Striatum, and Right DLPFC–
Rest of Brain Coupling. The differences in these analy-
ses did not survive correction for multiple comparisons.
Analyses of the intermediate phenotype in the controls,
siblings, and patients (after excluding 41 unaffected sib-
lings who had an affected family member) included in
the analysis showed significant results similar to those
obtained with the whole sample, although only at a trend
level in the seeded connectivity analysis (eAppendix;
eTable 3).

RELATIONSHIP BETWEEN MEASURES OF DLPFC
ACTIVATION AND COUPLING IN SIBLINGS

The intraclass correlation coefficient between the vari-
ous intermediate phenotype measures within the sib-
lings were not significant, regardless of the functional con-
nectivity analysis used (ie, seeded connectivity or PPI
approach), suggesting that these physiological mea-
sures are not redundant.

RELATIONSHIP BETWEEN MEASURES
OF ABNORMAL DLPFC COUPLING
AND PERFORMANCE (ACCURACY

AND REACTION TIME)

The coupling between right DLPFC and right IPL (x, y,
z=42, −33, 30) in the whole sample (controls, siblings,
and patients) correlated with the percentage of correct
responses on the 2-Back (r=0.1; P=.05). No other sig-
nificant correlations were found.

EFFECT OF ZNF804A
RS1344706 POLYMORPHISM

Controls

Genotype groups (N=96; nAA=37; nAC=45; nCC=14) did
not differ in age, sex, intelligence quotient, handedness,
or performance (eTable 4). Figure4 illustrates genotype-
based DLPFC coupling differences. There was no sig-
nificant difference in DLPFC activation across ZNF804A
genotype groups, but subjects homozygous for the risk-
associated allele (major allele, AA) showed a disruption
in task-related modulation of right DLPFC–left HF cou-
pling in the PPI analysis (x, y, z=−15, −27, −21; z=3.60;
P=.05; FWE-corrected within bilateral HF ROI; Fisher
least significant difference [LSD] post hoc 2-tail t test:
CC vs CA P=.04; CC vs AA P� .001; CA vs AA P=.04)
(Figure 4A). A similar trend was observed in the cou-
pling between the right DLPFC and right HF, although
it did not survive correction for familywise error (x, y,
z=24, −9, −24; z=2.83; P=.002, uncorrected; P=.04, false
discovery rate–corrected within bilateral HF ROI; Fisher
LSD post hoc 2-tail t test: CC vs CA P= .40; CC vs AA
P=.02; CA vs AA P=.03). However, this level of statis-
tical correction is probably excessive given prior evi-
dence of this genetic association. The seeded connectiv-
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Figure 4. Effect of the ZNF804A polymorphism on functional coupling
(Psychophysiological Interaction Analysis [PPI] and seeded connectivity) in
the controls. A, PPI of risk allele subjects (AA) shows a disruption in the task
load–related modulation of DLPFC–bilateral HF coupling (contrast CC � CA �
AA; x, y, z=−15, −27, −21; z=3.60; P=.05, familywise error–corrected within
bilateral HF region of interest; Fisher LSD post hoc 2-tail t test: CC vs CA
P=.04; CC vs AA P� .001; CA vs AA P=.04). B, Seeded connectivity analysis
of subjects homozygous for the risk allele (AA) also shows a disruption in right
DLPFC–left HF coupling when compared with the other genotype groups
(contrast CC � CA � AA; x, y, z=−18, −39, −12; z=2.66; P=.004, uncorrected;
Fisher LSD post hoc 2-tail t test: CC vs CA P� .05; CC vs AA P=.01; CA vs AA
P=.07). Images are thresholded at P� .05 within regions of interest only for
illustrative purpose. Bars are mean ± standard error.
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ity analysis showed similar results, although they did not
survive correction for multiple comparisons (x, y, z=−18,
−39, −12; z=2.66; P=.004, uncorrected; Fisher LSD post
hoc 2-tail t test: CC vs CA P= .20; CC vs AA P=.01; CA
vs AA P=.07; Figure 4B). Moreover, as previously re-
ported,20 there was a reduction in functional coupling be-
tween right DLPFC and contralateral PFC (x, y, z=−48,
33, 30; z=3.52; P� .001, uncorrected; P= .10, FWE-
corrected within bilateral PFC ROI; Fisher LSD post hoc
2-tail t test: CC vs CA P=.02; CC vs AA P� .001; CA vs
AA P=.07) and within the right DLPFC (right PFC x, y,
z=33, 54, 30; z=3.12; P=.001, uncorrected; Fisher LSD
post hoc 2-tail t test: CC vs CA P� .001; CC vs AA
P� .001; CA vs AA P= .87) in risk allele–homozygous
subjects (AA) when compared with subjects homozy-
gous for the C allele (heterozygous subjects with the AC
allele showed an intermediate pattern), although not sig-
nificant with correction for multiple comparisons. The
connectivity of DLPFC with other brain regions did not
show a significant difference across ZNF804A genotype
groups.

Siblings

Within the sample of siblings with available genotype data
(N=83; nAA=26; nAC=47; nCC=10), genotype groups did
not differ in age, sex, intelligence quotient, handedness,
or performance (eTable 5). Although sex distribution was
not significantly different across genotype groups, be-
cause the number of women in the AA group (risk group)
was more than in the other 2 groups, we included sex as
a covariate of no interest in the neuroimaging analyses.
Seeded connectivity in the sample of siblings confirmed
the results observed in controls, with subjects homozy-
gous for the risk allele (AA) showing reduced coupling
between right DLPFC and left PFC (x, y, z=−36, 9, 39;
z=2.69; P=.004, uncorrected; Fisher LSD post hoc 2-tail
t test: CC vs CA P= .11; CC vs AA P=.02; CA vs AA P=
.16) and abnormal coupling between right DLPFC and
HF (x, y, z=18, −36, 9; z=2.47; P=.007, uncorrected;
Fisher LSD post hoc 2-tail t test: CC vs CA P=.07; CC vs
AA P=.02; CA vs AA P= .27), although these results did
not survive correction for multiple comparison. Psycho-
physiological Interaction Analysis, however, failed to show
any significant difference in task-related modulation of
right DLPFC–HF coupling in this relatively small sample.
Surprisingly, there was an increase of task-related modu-
lation of coupling within the right DLPFC in siblings ho-
mozygous for the risk allele (AA) (x, y, z =42, 30, −15;
z=4.12; P=.02, FWE-corrected within bilateral PFC ROI;
Fisher LSD post hoc 2-tail t test: CC vs CA P=.001; CC
vs AA P� .001; CA vs AA P=.04).

Patients

Genotype groups in the sample of patients with schizo-
phrenia (genotype information was available for 33 pa-
tients [AA=11, AC=17, CC=5]) did not differ in age, sex,
intelligence quotient, handedness, or performance (eTable
6). Subjects homozygous for the minor allele (CC) were
few (n=5); therefore, a 2-sample t test was performed com-
paring homozygotes for the high-frequency risk-

associated allele (AA) against the other 2 genotypes com-
bined (AC � CC).

Psychophysiological Interaction Analysis in this small
sample of patients confirmed the results observed in con-
trols, with a significant effect of genotype (AA � C car-
riers) on coupling between the right DLPFC and left HF
(x, y, z=−27, −9, −12; z=3.23; P=.001, uncorrected;
P=.09, FWE-corrected within bilateral HF ROI), be-
tween the right DLPFC and contralateral DLPFC (x, y,
z=−42, 45, 15; z=2.65; P=.004, uncorrected), and within
the right DLPFC (ipsilateral DLPFC) (x, y, z=57, 3, 30;
z=3.11; P=.001, uncorrected).

No ef fect of genotype was found in r ight
DLPFC–bilateral HF coupling using the seeded connec-
tivity approach. Additionally, contrary to the observa-
tions in controls and siblings, increased coupling within
the right DLPFC (x, y, z=57, 18, 30; z=3.97; P=.05, FWE-
corrected within ROI) was observed in patients homo-
zygous for the high-risk allele (AA).

COMMENT

Our results suggest that inefficient DLPFC activity and
alterations in DLPFC functional coupling with other brain
regions during a working memory task potentially rep-
resent 2 independent intermediate brain physiologic phe-
notypes related to increased genetic risk for schizophre-
nia, and that risk-associated genes may differentially affect
the neurobiology of schizophrenia via their effect on lo-
cal neural activity or their effect on coupling of brain re-
gions within neural circuits. We will discuss our find-
ings in light of these observations and their implications.

ABNORMAL PFC COUPLING

Although there are many studies suggesting a discon-
nectivity hypothesis of schizophrenia42-44 and the heri-
tability of DLPFC abnormal reactivity,45 the heritability
of connectivity disruptions has not been extensively ex-
plored in a single data set. Having established the exis-
tence of functional connectivity abnormalities in schizo-
phrenia, it is important to ask if these abnormalities are
genetically determined and related to genetic risk for
schizophrenia, since having an affected family member
remains the strongest risk factor for schizophrenia. This
study investigated the familiality of abnormal func-
tional coupling within brain regions described in schizo-
phrenia. To this end, we examined the functional cou-
pling of DLPFC during a working memory task in a large
sample of controls, nonpsychotic siblings of patients with
schizophrenia, and patients with schizophrenia. Two dif-
ferent approaches to investigate the functional coupling
were applied. First, we used seeded connectivity analy-
sis to investigate differences in task-independent cou-
pling within multiple networks across groups. Second,
with PPI we estimated the differences across groups in
the changes in connectivity using different experimen-
tal conditions, ie, we estimated the stimulus-induced
change of the modulatory effect of DLPFC on other re-
gions. Our results demonstrate that functional inter-
regional coupling abnormalities are familial and likely
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heritable vulnerabilities, present to an intermediate de-
gree in healthy siblings of patients with schizophrenia.
Trait-related aberrant coupling was shown for the fronto-
hippocampal and the fronto-frontal circuits, and we ob-
served abnormal connectivity also in the fronto-parietal
circuit, although this was not replicated in PPI analysis.
Seeded connectivity, interestingly, showed that fronto-
striatal and fronto-cingulate coupling was compro-
mised only in patients with schizophrenia, suggesting a
state-related dysfunction for these circuits at least dur-
ing our working memory task.

COUPLING BETWEEN DLPFC
AND HIPPOCAMPUS

Our results showed that DLPFC-HF coupling is com-
promised in siblings as well as patients. Psychophysi-
ological Interaction Analysis indicates that the pattern
of coupling observed in controls is reduced in siblings
and disrupted and inverted in patients. Moreover, these
data are consistent with the seeded connectivity analy-
sis that showed patients having a stronger correlation dur-
ing all of the time courses when compared with con-
trols; siblings also show a pattern of connectivity
intermediate between the 2 groups. Although the cou-
pling of PFC with the highlighted hippocampal voxel was
positive in controls, almost absent in siblings, and strongly
negative in patients, as evident in Figure 2A, a further
exploration of the whole cluster showed an increasingly
negative pattern across all 3 groups (eAppendix). Nev-
ertheless, while our results clearly show a difference be-
tween groups, the directionality (more positive or more
negative) of this measurement needs to be interpreted
cautiously.

These findings extend results from a previous study
conducted with the same task paradigm, albeit a posi-
tron emission tomography study with oxygen 15–
labeled water, showing that during the 2-Back task,
DLPFC-HF coupling was altered in patients during the
switch from 0-Back to 2-Back in contrast to controls.27

However, we now show that this coupling is also im-
paired in siblings, suggesting that DLPFC-HF coupling,
regardless of task-dependence, is potentially a robust
imaging-related intermediate phenotype, and the inves-
tigation of this coupling may be a good strategy for fu-
ture genetic research. Indeed, a recent study in knock-
out mice46 used prefrontal hippocampal connectivity as
a physiologic phenotype to validate their genetic con-
struct, though the mice did not display the pattern of ab-
normal coupling found in patients with schizophrenia
and their siblings.

The role of the hippocampus in working memory is
not clear. One possibility is that the abnormalities ob-
served in hippocampal-prefrontal coupling in siblings,
which are more accentuated in patients with schizophre-
nia, may contribute to the deficits in working memory
that characterize these populations.33 The lack of corre-
lation between our coupling measures and DLPFC acti-
vation suggests that the 2 risk-associated neural func-
tion phenotypes are independent neural components of
these cognitive problems.

COUPLING BETWEEN THE DLPFC AND IPL

Siblings as well as patients showed a reduction in the cou-
pling between the right DLPFC and ipsilateral IPL in the
seeded connectivity analysis. This result extends previ-
ous findings of disrupted prefrontal-parietal cortex con-
nectivity during working memory in patients compared
with controls.47,48 The abnormal coupling in siblings sug-
gests that the functional interaction between DLPFC and
IPL is compromised in healthy subjects at increased ge-
netic risk for schizophrenia, though performance is still
intact. In contrast to the PPI results for the fronto-
hippocampal coupling, the PPI analysis of intracortical
coupling did not show significant results, suggesting that
task load does not modulate DLPFC interactions with IPL
during this task and that the association between the 2
areas is compromised independent of the working
memory load component of the task. This finding is in-
triguing because it may indicate a more intrinsic deficit
in this coupling, a deficit consistent with recent studies
showing a dysfunction of IPL in multiple neurocogni-
tive processes in schizophrenia.49 However, because the
result was observed only at a trend level in the sample,
excluding 41 unaffected siblings who had an affected fam-
ily member, further replications are necessary.

COUPLING WITHIN AND BETWEEN
BILATERAL PFC

Psychophysiological Interaction Analysis also revealed
a reduction in the modulation between right DLPFC and
left ventrolateral PFC with increasing task load in sib-
lings when compared with controls, while seeded con-
nectivity analysis that was task independent showed a
trend of significance for reduced coupling within the right
DLPFC. Interestingly, a previous study using a re-
sponse selection paradigm and involving cognitive pro-
cesses likely also engaged in our N-Back task, reported
a trend similar to our results, with siblings showing re-
duced right DLPFC connectivity with the contralateral
PFC area (Brodmann area 10) when compared with con-
trols.37 Impairment in the connectivity strength be-
tween areas within the PFC across hemispheres sug-
gests abnormalities in interhemispheric connections
within frontal regions, a finding previously reported with
diffusion tensor imaging studies in schizophrenia.50

STATE-RELATED ABNORMAL COUPLING

Many aberrant couplings observed in patients in this study
did not appear to be genetically determined, presum-
ably because they relate to the state of illness or treat-
ment and not to the trait of risk. In our data, this was
found for coupling of the right DLPFC with the anterior
cingulate cortex and striatum. Specifically, patients with
schizophrenia, but not their siblings, had reduced con-
nectivity between the right DLPFC and anterior cingu-
late cortex. The anterior cingulate cortex is implicated
in many cognitive functions, and during the 2-Back task
is likely related to attention and response selection. Re-
garding its connectivity, a previous positron emission to-
mography study, although with a much smaller sample
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and a different task exploring verbal fluency, showed ab-
normal connectivity between these 2 regions in patients
but failed to find any difference in carriers of genetic risk.35

Similar results were found in coupling between the
DLPFC and striatum. The striatum has been extensively
studied in schizophrenia, and consistent findings link
dopamine activity in the striatum to the severity of clini-
cal symptoms, indicating strong influences of state fac-
tors on this area.51 Although we covaried for perfor-
mance variables, we cannot exclude that, given the
differences in reaction time obtained in patients com-
pared with their siblings and controls, the observed ab-
normal coupling can simply reflect a difference in task
performance.

MODULATORY EFFECT OF ZNF804A ON DLPFC
ACTIVITY AND COUPLING

We observed that a SNP (rs1344706) in the gene ZNF804A
associated with risk for psychosis24,52-55 modulated
DLPFC-HF coupling in controls, siblings, and patients.
Alternately, we found no effect of this SNP on abnormal
DLPFC activation, a measure that appears to represent
an independent intermediate phenotype. The effect of the
SNP on coupling of the right DLPFC with other prefron-
tal regions (ipsilateral and contralateral) was less con-
sistent across diagnostic groups. The small sample size
of subjects available for neuroimaging genetic analyses
is a potentially limiting factor and may underlie the in-
consistent results of coupling within the prefrontal re-
gions across diagnostic groups. The genetic results, par-
ticularly in patients and the siblings, therefore require
careful interpretation and necessitate further explora-
tion in larger samples. Nevertheless, our results with
ZNF804A on DLPFC-HF coupling are robust and con-
sistent with the recent observations by Esslinger et al.20

In all, an effect of this SNP on functional magnetic reso-
nance imaging measures of prefrontal-hippocampal
coupled activity has now been observed in 4 clinical
samples (ie, 3 in this study and 1 in the earlier article20).
These findings support the notion that the modulation
of biologic intermediate phenotypes and potential neu-
ral mechanisms of risk (abnormal DLPFC activation vs
connectivity) may be differentially dependent on the bi-
ology of the gene implicated. We believe this should come
as no surprise. It would be unlikely that all genetic risk
factors for schizophrenia would map to the same neural
functions.

This study has important limitations that need to be
acknowledged. Many different analyses were con-
ducted, and the reported difference between siblings and
controls would not survive a rigorous application of ag-
nostic correction for the number of tests performed. Nev-
ertheless, our study was strictly guided by prior litera-
ture and prior associations. We explored a limited number
of hypotheses based on findings from earlier studies and
applied the same methods. We believe the strength of our
prior assumptions and our explicit hypothesis-testing
strategy supports our approach to statistical inference.
Moreover, replication is a more compelling approach to
validation than is statistical correction. While our samples
are relatively small and thus potentially inconclusive, the

imaging data are large by imaging genetics standards. The
fact that relationships between genotype and connectiv-
ity measures tended in the same direction in each of the
3 groups supports the validity of the findings. We have
assumed that failure to observe a within-subject corre-
lation of our connectivity phenotypes with the previ-
ously well-characterized inefficiency phenotype implies
no relationship, but this interpretation must be viewed
as preliminary. These caveats notwithstanding, the data
suggest that the abnormal coupling between DLPFC and
other brain regions is a neural phenomenon indepen-
dent of the previously described abnormalities in DLPFC
activation.33 This is also supported by the observation that
some genes can modulate only one of these intermedi-
ate phenotypes (ie, ZNF804A).

Our findings support the idea that distributed
network-based neurointegrative deficits reflect genetic
risk mechanisms for schizophrenia and that these defi-
cits are indeed present, although to a lesser degree, in
nonpsychotic siblings of patients with schizophrenia
and in cognitively normal subjects who carry risk-
associated genotypes. Our findings also suggest that
altered PFC activation and PFC coupling are 2 indepen-
dent intermediate phenotypes and that susceptibility
genes can modulate one but not the other. A SNP
within ZNF804A appears to modulate PFC-HF coupling
but not PFC activation. The way in which DLPFC com-
municates with HF, IPL, and ventrolateral PFC during
working memory is probably susceptible to complex
genetic modulation, and our data suggest that genes
related to increased schizophrenia susceptibility partici-
pate in this modulation.
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