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With 4100 common variants associated with schizophrenia risk, establishing their biological significance is a priority. We sought to establish
cognitive effects of risk variants at loci implicated in synaptic transmission by (1) identifying GWAS schizophrenia variants whose associated gene
function is related to synaptic transmission, and (2) testing for association between these and measures of neurocognitive function. We selected
variants, reported in the largest GWAS to date, associated with genes involved in synaptic transmission. Associations between genotype and
cognitive test score were analyzed in a discovery sample (988 Irish participants, including 798 with psychosis), and replication samples (528 UK
patients with schizophrenia/schizoaffective disorder; 921 German participants including 362 patients with schizophrenia). Three loci showed
significant associations with neuropsychological performance in the discovery samples. This included an association between the rs2007044 (risk
allele G) within CACNA1C and poorer working memory performance (increased errors B (95% CI)= 0.635–4.535, p= 0.012), an effect driven
mainly by the psychosis groups. In an fMRI analysis of working memory performance (n= 84 healthy participants, a subset of the discovery
sample), we further found evidence that the same CACNA1C allele was associated with decreased functional connectivity between the right
dorsolateral prefrontal cortex and right superior occipital gyrus/cuneus and anterior cingulate cortex. In conclusion, these data provide evidence
to suggest that the CACNA1C risk variant rs2007044 is associated with poorer memory function that may result from risk carriers’ difficulty with
top-down initiated responses caused by dysconnectivity between the right DLPFC and several cortical regions.
Neuropsychopharmacology (2017) 42, 2612–2622; doi:10.1038/npp.2017.123; published online 23 August 2017
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INTRODUCTION

Predictions that increasing sample sizes would also lead to
an increase in genome-wide significant schizophrenia (SZ)
risk variants being identified (Park et al, 2010) have been
supported to date. As sample sizes available for GWAS
have increased, the numbers of significantly associated
common variants and genes has gone from one, ZNF804A
(O'Donovan et al, 2008), to a handful (The Schizophrenia
Psychiatric GWAS Consortium, 2011) to over 108 loci now

being implicated (Schizophrenia Working Group of the
Psychiatric Genomics Consortium, 2014). As the purpose of
gene discovery is to identify the biological pathways that
increase risk and are capable of being targeted by treatments,
moving from discovering to establishing functional impact is
a priority for our field.
Although this is often thought of at the molecular and

cellular levels, establishing the functional impact of genes
and gene sets at other levels of analysis (ie, neural, cognitive,
and behavioral) is also likely to be important in provid-
ing insights for new treatment discovery. We and others
have previously sought to establish the cognitive effects of
polygenic risk in pathways defined either by biological
processes, eg, variants within the cell adhesion molecule
pathway (Hargreaves et al, 2013), or by gene sets functionally
related to identified SZ-risk genes (eg, MIR137, ZNF804A)
(Cosgrove et al, 2017; Nicodemus et al, 2014). To date, and to
our knowledge, however, no study has systemically
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investigated the cognitive effects of SZ variants for synaptic
transmission despite the fact that alterations in this process
(and neurotransmitter systems, eg, dopamine) have long
been held as a key etiological hypothesis for both SZ risk and
deficits in cognition associated with the disorder (Andreasen,
1995; Pocklington et al, 2014; Sarter et al, 2007). Looking at
the effect of SZ-associated variants on cognition may help
identify specific neurobiological processes involved, so as to
allow this aspect of disability to be more effectively targeted.
The purpose of the present study was to undertake a

systematic analysis of the cognitive effects of SZ risk-associated
variants identified by the Schizophrenia Working Group of the
Psychiatric Genomics Consortium (PGC-SZ) (Schizophrenia
Working Group of the Psychiatric Genomics Consortium,
2014) in genes related to synaptic transmission using a novel
methodology. We did this by (1) cross-referencing PGC-SZ-
identified variants whose associated gene function was
bioinformatically identified as related to synaptic transmission
using OMIM and Gene Ontology, and (2) comparing the
performance of carriers and noncarriers of these variants on
cognitive functions typically impaired in SZ. Our hypothesis
was that the identified risk variants at these gene loci would be
associated with poorer performance on measures of cognition.

MATERIALS AND METHODS

Neuropsychological Sample Characteristics

Cognitive performance was assessed in 939 cases and 330
healthy participants (769 males, 500 females). Cases
consisted of clinically stable patients with either a ‘narrow
sense psychosis’ diagnosis of SZ or schizoaffective disorder
(SZA) (n= 676) or a ‘broader sense psychosis’ that, in
addition to our SZ/SZA sample, included patients with a
diagnosis of bipolar disorder with psychotic features, major
depressive disorder with psychotic features, or psychosis not
otherwise specified (n= 263), based on Structured Clinical
Interview for DSM-IV Axis I (First et al, 2002).
Two replication samples were also available. Samples from

Cardiff consisted of 528 European Caucasian individuals
with SZ or SZA who were recruited from community mental
health teams in Wales and England. The German replication
sample consisted of 362 clinically stable patients with a DSM-
IV diagnosis of SZ and 559 healthy controls, all genotyped as
part of a previous study (O'Donovan et al, 2008). A full
description of the discovery and replication samples can be
found in Supplementary Appendix 1.
Demographic variables available for all samples included

age, gender, and years of education. For patients, both clinical
symptom severity (measured using the Scale for the Assess-
ment of Positive Symptoms (SAPS) and the Scale for the
Assessment of Negative Symptoms (SANS)) and medication
dosage in terms of chlorpromazine equivalents (CPZ) were
also available, as previously described (Walters et al, 2010).

fMRI Spatial Working Memory Task Sample
Characteristics

A subgroup of the healthy participants from the Irish
discovery sample (n= 103, all right handed) had also
undergone functional imaging during performance of an
fMRI spatial working memory (SWM) task. This task, and

the acquisition parameters used, has been extensively used
by us previously (Rose et al, 2012a, b, 2013). This task
required participants to remember the spatial location of a
stimulus (either one white dot or three white dots) after a 3 s
delay. See Supplementary Appendix 1 for a full description.

Candidate SNP Selection

A novel approach was taken to gene selection in this study. All
genes located in the genome-wide significant regions
(Supplementary Table S1a) in the largest SZ GWAS to date
(Schizophrenia Working Group of the Psychiatric Genomics
Consortium, 2014) were assigned a function using the OMIM
(OMIM, 2014) and Uniprot (UniProt Consortium, 2014)
catalogs. Genes associated with the processes of neurotrans-
mission, neurotransmitter secretion, or transduction were
identified by the lead author. Following this, 28 genes func-
tioning in synaptic transmission were prioritized (Supple-
mentary Table S1b). We examined the association signals at
the GWAS loci containing these genes, initially by visual
inspection of the supplementary regional GWAS association
plots from the PGC-SZ (Schizophrenia Working Group of the
Psychiatric Genomics Consortium, 2014). For 10 of the 28
genes, the association signal at the GWAS locus mapped to
within the boundaries of a synaptic transmission gene. Nine of
the index SNPs were intronic with synaptic transmission genes
and the tenth SNP was rs2514218 upstream of DRD2. For the
remaining genes, we checked for cis effects of these SNPs on
genes using the Braineac (Ramasamy et al, 2014) and GTEx
(https://www.gtexportal.org/, The GTEx Consortium, 2013)
databases where p-values were corrected for the number of
brain tissues tested (n= 10 for Braineac, n= 13 for GTEx). For
RIMS1, rs1339227 was associated with altered gene expression
in the thalamus (Braineac, corrected p= 0.043). Overall, this
exercise shortlisted 11 of the 28 genes where the genome-wide
significant association signal was at or close to a synaptic
transmission gene or the index SNP had a cis effect on gene
expression (Supplementary Table S1c). For these loci we
identified the most significant GWAS SNP (the index SNP) as
the variant for use in our cognition analyses. This gene
selection process is illustrated in Supplementary Figure S1. In
the case of CACNA1C multiple GWAS signals relating to two
LD blocks were identified; for this reason two SNPS were
included in the analysis, representing the strongest signal for
each LD block. Finally, to bioinformatically confirm functional
identity, this list of genes was entered into GO, http://www.
geneontology.org (The Gene Ontology Consortium, 2015), and
found to have 498-fold enrichment in GO term ‘chemical
synaptic transmission, postsynaptic’ (GO: 0099565). Based on
this approach the following variants were identified: rs2007044
and rs2239063 (CACNA1C), rs7893279 (CACNB2), rs8042374
(CHRNA3), rs10520163 (CLCN3), rs2514218 (DRD2),
rs9922678 (GRIN2A), rs12704290 (GRM3), rs1501357
(HCN1), rs1339227 (RIMS1), and rs4523957 (SRR).

Neuropsychological Assessment

The second stage in the study was to undertake a cognitive
analysis of the variants identified above, seeking replication
of significant findings in independent samples. Participants
completed a full neuropsychological battery of measures
indexing the cognitive deficits typically reported in SZ (with
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five cognitive domains—general cognitive function, episodic
and working memory, attention, and social cognition).
Selected subtests (Vocabulary, Similarities, Block Design,
and Matrix Reasoning) of the Wechsler Adult Intelligence
Scale (WAIS III) (Wechsler, 1997a) were used to measure
general cognitive function. The Logical Memory and Faces
subtests from the Wechsler Memory Scale (WMS III)
(Wechsler, 1997b) were used to assess verbal and visual
memory recall. Working memory was assessed using the
SWM task taken from the Cambridge Automated Neuro-
psychological Test Battery (CANTAB) (Cambridge
Cognition, 2016) and the Letter–Number Sequencing (LNS)
subtest from WAIS III. Attentional control was assessed
using the Continuous Performance Task (CPT) (Cornblatt
et al, 1988) and the Sustained Attention to Response Task
(SART) (Robertson et al, 1997). Social cognitive function was
assessed using three measures of social cognition: two
Theory of Mind (ToM) tests and one attributional style test.
The ToM tests used were the Reading the Mind in the Eyes
test (Eyes) (Baron-Cohen et al, 2001) and the Hinting Task
(Hint) (Corcoran et al, 1995). Attributional style was mea-
sured using the Internal, Personal, Situational Attributions
Questionnaire (IPSAQ) (Kinderman and Bentall, 1996).
All individuals in the Cardiff sample were assessed using

the MATRICS Consensus Cognitive Battery (Nuechterlein
and Green, 2006). This includes seven cognitive domains:
speed of processing, attention/vigilance, verbal and non-
verbal working memory, verbal and visual memory, reason-
ing, and problem solving. Of note, the social cognition
domain included in the MATRICS was not a measure of
ToM (unlike in the Irish samples) but rather an index of
emotional self-regulation.
In the German sample, IQ was measured using the

German version of the WAIS Revised (Wechsler, 1991), and
memory and attention was assessed using subtests from the
German WMS Revised (Härting et al, 2000), the n-back
(Callicott et al, 2000; Egan et al, 2001), and the Continuous
Performance Test, 3–7 Version (Nuechterlein and Asarnow,
2004), respectively. These measures were selected on the
basis of closely approximating the measures available in the
Irish samples; unfortunately, measures of social cognition
were not available for the German samples. Supplementary
Table S2 provides more detailed description of neuro-
psychological tests used in each sample.

Genotyping

Genotyping was performed on DNA extracted from whole
blood or saliva on a subset of participants who underwent
neuropsychological testing. Full GWAS data were available
for 988 participants (healthy participants n= 190; SZ/SZA=
578; other psychoses n= 220). A fuller description can be
found in Supplementary Appendix 1.

Statistical Analysis

Analysis of neuropsychological data. All neuropsychologi-
cal analyses were carried out using SPSS 20 (IBM, 2012). To
estimate risk variant effects on cognitive deficits associated
with SZ, linear regression analyses were performed on the
total sample (ie, irrespective of diagnosis, n= 988). To test
associations between genotype and cognitive test score,

hierarchical multiple regression with bootstrapping was
performed (1000 iterations, with replacement, to identify a
bias corrected and accelerated 95% confidence interval). In
each case cognitive test score was entered as a dependent
variable, and age and sex were entered as predictors on the
first step, followed by genotype on the second step. As this
initial discovery sample analysis was carried out in order to
identify any significant or nominally significant findings, a
correction for multiple testing was not applied. Instead,
nominally significant findings from cognitive analyses were
taken forward for analysis to seek replication in two
independent samples. Where replication of results was found
in these independent samples, the associated SNPs were taken
forward for neuroimaging analysis.

Analysis of fMRI data. Preprocessing and statistical analysis
are detailed in Supplementary Appendix 1. First-level analysis
included working memory (1 dot and 3 dots4baseline) and
increased memory load (3 dots41 dot) contrasts. The 1 dot
and 3 dots4baseline contrast considered both the 1-dot and
3-dot conditions together (ie, all of the spatial working
memory blocks) and contrasted all of these blocks against
the baseline blocks (the blocks during which there was no
delay between the white dot and red circle). The 3 dots41 dot
condition considered the 3-dot blocks and contrasted these
against the 1-dot blocks to examine increasing blood-oxygen-
level-dependent (BOLD) response associated with increasing
working memory load (ie, remembering the location of 3 white
dots compared with remembering the location of 1 white dot).
Contrast maps were entered into a multiple regression analysis
with number of risk alleles as covariate of interest. Out of 103
participants, 19 were excluded from fMRI activation analysis
because of low quality or missing data (Supplementary
Appendix 1). Seed voxel correlation analysis was used to
examine functional connectivity using the right dorsolateral
prefrontal cortex (DLPFC) as a seed. Eigenvariates extracted
from this seed were entered into a first-level analysis and
resulting connectivity maps entered into a multiple regression
analysis. Results were examined at a po0.001 (uncorrected)
level and clusters were considered statistically significant at a
po0.05 level, family-wise error (FWE) corrected for multiple
comparisons across the whole brain at the cluster level. Masks
used for functional connectivity analysis were kindly provided
to us by C. Esslinger and F. Paulus (Paulus et al, 2014).
Functional connectivity analysis was examined using both
‘global maximum’ and ‘next local maximum’ seed selection
methods to examine whether results were consistent across
both methods (Bedenbender et al, 2011) (Supplementary
Appendix 1). The rationale for carrying out this connectivity
analysis is that genetic effects may be more penetrant at a
cortical level than a behavioral level, as we and others have
previously shown for SZ risk variants (Paulus et al, 2014; Rose
and Donohoe, 2013).

RESULTS

Neuropsychological Samples: Demographic and Clinical
Characteristics

For the cognitive measures employed, healthy participants
scored higher than patients on all measures of IQ, attention,
and social cognition used in analysis except for Externalizing
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Bias (ANCOVA; covariates age and gender, po0.0001;
Table 1). There was a significant difference in age between
the rs9922678 (GRIN2A) allele groups only (F= 4.28,
po0.05; mean values GG= 41.15, GA= 42.44, AA= 38.28).
No other between-group differences were observed. Supple-
mentary Table S4 shows means and SDs for each SNP and
neuropsychological/demographic variables in the discovery
sample.
When genotype groups were compared on demographic

variables, no significant between-group differences were
observed for any SNP included for either gender or years of
education (p40.05). No between-group differences were
observed for diagnosis status or total positive symptom
severity scores (SAPS total scores) for any SNP. For
symptoms, the DRD2 rs2514218 risk genotype showed
significantly higher negative symptoms (F= 3.67, po0.05;
mean values TT= 18.61, CT= 23.78, CC= 25.69). No
medication dosage (measured in terms of chlorpromazine
equivalents) or other genotype-related clinical differences
were observed. Demographic and clinical characteristics for
patients and healthy participants are presented in Table 1.
A between-group comparison of these groups indicated
differences between the healthy participants and both broad
and narrow groups in terms of age, gender, and education.
Supplementary Table S3 shows summary statistics and

results comparing genotype group demographics of SNPs
showing a significant effect on any neuropsychological
variable. No age or sex associations were observed with
rs2007044 in either the Cardiff or German sample.

Effect of Genotype on Cognition

Analyses were performed separately for each SNP on the
sample as a whole (all cases and healthy participants) for
each neuropsychological test (18 tests covering 5 cognitive
domains). When significant results were found, this was
followed up using subgroup analysis to determine the effects
of diagnosis (broad psychosis group, narrow psychosis
group, and healthy participants). Of 11 SNPs included,
significant effects were observed in the discovery sample
(cases and healthy participants) for three SNPs (Table 2
presents the three SNPs with significant results in all partici-
pants and subgroups; Supplementary Table S4 presents the
means and SDs of the whole discovery sample for each SNP).
For rs2007044 (located within the calcium channel subunit
α1c (CACNA1C) gene), increased risk ‘G’ allele dosage
was associated with increased errors made on the CANTAB
SWM, explaining a proportion of test score variance in the
entire sample (B= 2.6, r2= 0.006, po0.05). In a post hoc
analysis to explore the effects of diagnosis, in the broad

Table 1 Neuropsychological Sample Participant Demographics and Subtest Scores (Irish Discovery Sample)

Measure, mean (SD) Healthy
participants

N Broad
Diagnosis

N F (healthy
V broad)

Narrow
diagnosis

N F (healthy
V narrow)

Age 35.82 (12.65) 330 43.00 (12.40) 939 81.02*** 42.30 (12.47) 676 59.36***

Male/female (%) 44.5 : 55.5 330 66.2 : 33.8 939 49.96*** 70.4 : 29.6 676 67.01***

CPZ, mg/day — — 435.97 (453.17) 679 — 498.18 (482.18) 517 —

SAPS — — 19.86 (19.30) 771 — 21.86 (19.77) 595 —

SANS — — 23.58 (19.93) 767 — 26.38 (19.99) 593 —

Education years 15.64 (1.82) 324 12.95 (2.64) 713 184.28*** 12.73 (2.51) 516 191.51***

WTARR 41.90 (5.96) 329 33.52 (10.60) 715 179.36*** 32.77 (10.56) 524 194.60***

VERBIQ 118.45 (15.80) 326 92.06 (20.02) 865 374.27*** 90.36 (19.18) 635 433.73***

PERFIQ 117.78 (22.90) 323 91.20 (19.32) 677 356.35*** 89.83 (18.43) 496 393.58***

FSIQ 119.68 (15.43) 320 92.07 (19.22) 670 429.87*** 90.31 (18.12) 490 515.19***

LM1 49.09 (10.10) 317 27.95 (12.35) 918 597.47*** 26.52 (12.37) 655 627.06***

LM2 31.75 (7.44) 315 15.34 (8.84) 906 688.13*** 14.40 (8.68) 648 732.18***

FACES1 38.93 (4.50) 284 33.79 (5.09) 553 128.61*** 33.65 (5.20) 431 124.70***

FACES2 39.56 (4.30) 284 35.04 (5.28) 547 85.29*** 35.04 (5.24) 426 85.14***

LNS 12.72 (3.13) 326 8.16 (3.40) 886 353.15*** 7.90 (3.44) 632 365.55***

CANTAB SWM (errors) 19.04 (16.45) 274 43.05 (23.85) 652 189.727*** 43.86 (24.21) 473 204.20***

SART (reaction time) 32.38 (90.80) 182 445.29 (112.64) 502 126.04*** 443.83 (113.42) 393 122.46***

CPT d’Prime 2 digit 3.82 (0.56) 41 2.69 (1.21) 498 19.95*** 2.67 (1.22) 365 19.79***

CPT d’Prime 3 digit 3.35 (0.75) 41 3.35 (0.75) 483 46.37*** 1.91 (1.09) 352 46.72***

CPT d’Prime 4 digit 2.25 (0.97) 41 1.14 (0.87) 448 45.76*** 1.12 (0.83) 327 48.38***

Eyes 26.47 (3.58) 273 21.21 (6.21) 469 101.45*** 20.48 (6.39) 329 120.43***

Hint 16.86 (1.79) 224 15.56 (3.31) 439 23.12*** 15.34 (3.48) 338 27.94***

IPSAQ–externalizing bias 1.52 (4.02) 228 1.49 (3.85) 410 0.54 1.39 (3.88) 316 0.34

IPSAQ–personalizing bias 0.62 (0.24) 230 0.52 (0.29) 410 16.39*** 0.51 (0.28) 318 18.69***

Abbreviations: CPZ, chlorpromazine equivalents; FSIQ, Full-Scale IQ; SANS, Scale for the Assessment of Negative Symptoms; SAPS, Scale for the Assessment of Positive
Symptoms.
***Po0.001.
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psychosis group, the same direction of effect was observed
(B= 3.634, r2= 0.012, po0.01). This was also the case in
the narrow psychosis group (SZ and SZA patients only)
(B= 3.578, r2= 0.011, po0.05). The association was in the
same direction in the healthy participant only subgroup, but
was nonsignificant. In patients, rerunning the analysis to
include CPZ as a covariate did not affect the significance of
the results observed. No association between verbal working
memory, measured by LNS task, and rs2007044 was
observed.
For the SNP rs7893279 (located within the gene encoding

the calcium channel subunit B2 (CACNB2)) increased risk
‘T’ allele dosage was associated with lower accuracy on the
Hinting Task, a measure of ToM ability (B=− 0.772,
r2= 0.012, po0.01). When the broad psychosis group was
considered separately, this association remained signifi-
cant (B=− 0.643, r2= 0.006, po0.05). This association
also remained significant in the narrow psychosis group
(B=− 0.826, r2= 0.009, po0.05) and in the healthy sample
(B=− 0.895, r2= 0.052, po0.01). No associations with other
social cognition measures or measures of other cognitive
domains were observed.
For rs1339227 (located ~ 50 kb from RIMS1, the only

known gene at this locus) increased risk ‘C’ allele dosage
was, contrary to our expectation, associated with improved
Eyes Task performance, another measure of ToM ability
(B= 0.831, r2= 0.01, p= 0.02). When the broad psychosis
group was considered separately, this association remained
significant (B= 1.272, r2= 0.018, po0.01). This association
also remained significant in the narrow psychosis group with
the amount of variance explained increasing (B= 1.807,
r2= 0.034, po0.01), suggesting that the genotype effects were

more pronounced in this group. No significant association
was observed in the healthy participants sample only.

Replication Analysis

We sought replication of our SWM and rs2007044 risk G
genotype association (uncorrected). In the Cardiff replication
sample (consisting of patients only, n= 528), we sought to
replicate this association between CACNA1C and working
memory using the working memory domain score (calcu-
lated from both the Wechsler Memory Scale Spatial Span
subtest and the LNS subtest) from the MATRICS battery.
Based on this analysis (three genotype groups AA, AG, and
GG), increased rs2007044 risk ‘G’ allele dosage was again
associated with decreased working memory accuracy (B=
− 0.157, r2= 0.01; p= 0.03) Because the working memory
domain score in the MATRICS is composed of verbal (LNS)
and spatial (Spatial Span) components, we conducted a post
hoc analysis to establish whether our result was being driven
by either the verbal or spatial subtest. This analysis suggested
that the association observed was driven by the verbal subtest
performance (LNS: B=− 0.200, 95% CI − 0.358 to − 0.042,
p= 0.013) as the spatial subtest by itself was nonsignificant
(Spatial Span: B=− 0.089, 95% CI − 0.222 to 0.045,
p= 0.192).
In the German samples, two working memory measures

were available. The first consisted of performance on an
n-back test (1- and 2-back, a task that requires working
memory to be constantly updated), and a composite working
memory score based on the Wechsler Digit Span and Spatial
Span Tasks (short-term maintenance tasks for working
memory). Based on the same analysis undertaken as in
the Irish and Cardiff sample, a main effect of CACNA1C

Table 2 Summary of Significant Findings from Regression Analyses in the Discovery Sample

rs ID Test Sample n Mean (SD) Bootstrap 95 CI

r2 B Lower Upper P

AA (n= 251) AG (n= 330) GG (n= 133)

CACNA1C All 714 35.17 (23.10) 37.43 (25.55) 41.61 (23.44) 0.006 2.600 0.635 4.535 0.012*

rs2007044 SWM Broad 557 38.82 (19.93) 41.91 (26.75) 47.51 (21.30) 0.012 3.634 1.133 6.184 0.006**

SZ/SZA 409 40.72 (22.66) 43.38 (25.76) 49.94 (21.25) 0.011 3.578 0.717 6.153 0.013*

Healthy 157 15.73 (12.27) 18.23 (16.42) 21.27 (17.31) 0.010 2.102 − 0.632 4.891 0.138

GG (n=6) GT (n= 97) TT (n= 416)

CACNB2 All 519 17.17 (1.72) 16.43 (2.20) 15.66 (3.25) 0.012 − 0.772 − 1.210 − 0.337 0.003**

rs7893279 Hinting Task Broad 380 16.25 (0.96) 16.00 (2.37) 15.34 (3.55) 0.006 − 0.643 − 1.203 − 0.122 0.021*

SZ/SZA 295 16.33 (1.15) 16.02 (2.38) 15.15 (3.74) 0.009 − 0.826 − 1.553 − 0.147 0.017*

Healthy 139 19.00 (1.41) 17.31 (1.51) 16.59 (1.87) 0.052 − 0.895 − 1.448 − 0.282 0.005**

TT (n= 63) TC (n= 266) CC (n= 224)

RIMS1 All 553 22.56 (6.36) 22.32 (6.17) 23.51 (5.83) 0.008 0.831 0.300 1.568 0.024*

rs1339227 Eyes Test Broad 392 20.20 (6.12) 20.51 (6.25) 22.48 (6.14) 0.018 1.272 0.235 2.228 0.007**

SZ/SZA 273 18.84 (6.39) 19.41 (6.25) 22.28 (6.36) 0.034 1.807 0.758 2.905 0.003**

Healthy 161 28.00 (2.21) 26.31 (3.62) 26.37 (3.56) 0.002 − 0.251 − 0.977 0.496 0.501

Abbreviations: SWM, CANTAB Spatial Working Memory (Errors); SZ/SZA, Schizophrenia/Schizoaffective Disorder; Broad, broad sense psychosis diagnosis of bipolar
disorder with psychotic features, major depressive disorder with psychotic features, or psychosis not otherwise specified; includes SZ/SZA patients.
The r2 represents the percentage of variance for each neuropsychological test score explained by the genotype; B is regression coefficient; p-values uncorrected.
Bold indicates significance at Po0.05, *Po0.05 and **Po0.01.
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rs2007044 genotype for the n-back test (2-back condition
only) was observed such that the risk ‘G’ genotype carriers
scored significantly below the nonrisk carriers in the patients
(n= 847; B=− 2.615, r2= 0.012; p= 0.03) but not in healthy
participants (n= 342). No association between CACNA1C
and the Digit/Spatial Span score was observed. For
significant working memory associations in the replication
samples, the effect size in both the Welsh (d= 0.20) and
German patient samples (d= 0.22) was comparable to that
observed in the Irish patient samples (d= 0.22). Supple-
mentary Table S5 provides the results of each cognitive test
for this SNP to allow comparison of the specificity of the
SWM association relative to other cognitive domains for
rs2007044 (CACNA1C).
Finally, for the associations between social cognition and

CACNB2 (Hinting task performance) and RIMS1 (Eyes task
performance), neither risk variant was associated with social
cognition as indexed by the MSCEIT ‘managing emotions’
subtest in the Cardiff samples, and no social cognition data
were available in the German data set.

fMRI Spatial Working Memory Analysis

As we observed an effect of the rs2007044 risk ‘G’ genotype
on working memory in two replication samples as well as our
own, we also brought this SNP forward to investigate
whether or not there was an association with altered connec-
tivity during a SWM fMRI task. There were no significant
differences between genotype groups for age, years of
education, SWM accuracy, SWM reaction time, or gender
in the MRI sample (p40.05) (Table 3).

Neural Activity Associated with Spatial Working
Memory Performance in Healthy Participants

Spatial working memory (1 dot and 3 dots combined) was
associated with significantly increased neural activation in
the frontoparietal attention network across our sample (Fox
et al, 2005; Toro et al, 2008) including, bilaterally, the DLPFC
(BA 9 and 46; tmax(84)= 19.48; po0.05 corrected; see
Supplementary Appendix 1). In addition, the 3-dot condition
was associated with increased activity across several of these
frontal and parietal regions compared with the 1-dot
condition (tmax(84)= 12.99; po0.05, corrected; see Supple-
mentary Appendix 1). There were no significant differences
between genotypes on either contrast, ie, genotypes did not
influence BOLD response for the SWM task.

Functional Connectivity Analysis

Decreased functional connectivity was associated with
risk genotype, between the right DLPFC and three clusters
incorporating the right cuneus, right anterior cingulate
cortex, and left inferior frontal gyrus (tmax(82)= 5.32;
po0.05, corrected; see Supplementary Appendix I1). As a
QC measure, average parameter estimates were calculated for
each individual, based on which five outliers were identified;
after removing these outliers, however, findings were largely
unchanged, with altered connectivity between the DLPFC
and the right superior occipital gyrus/right cuneus and the
right anterior cingulate cortex remaining significant (tmax(77)

= 4.92; po0.05, corrected; see Table 4 and Figure 1). Finally,
we examined functional connectivity of the right DLPFC
across our sample using the ‘next local maximum’ approach
(see Supplementary Appendix 1). Results of this analysis
were again supportive of the main analysis, with altered
connectivity between the rDLPFC and occipital and cingulate
clusters observed, although at a lower threshold (po0.001,
uncorrected). To confirm at a group level that motion
was not a confound in the genotype comparisons, we
examined differences in motion across the three rs2007044
(CACNA1C) genotype groups. There were no significant
differences in mean translation or mean rotation between the
three genotype groups (see Supplementary Appendix 1 for
further information).

DISCUSSION

In this study we assessed the effects of 11 SZ-associated SNPs
linked with synaptic transmission genes on behavioral and
cortical measures of cognition. Three SNPs were found to be
significantly associated with neuropsychological test scores,
two of which are linked to calcium channel genes, and one
with vesicular trafficking. Carriers of the SZ-associated risk
‘G’ allele at rs2007044 (located in intron 3 of CACNA1C)
made more errors on a SWM task than nonrisk carriers in a
risk allele dose-dependent manner, an effect seemingly
driven by the patient sample. The same risk allele was also
associated with poorer working memory performance in
independent patient samples, although not for the same task
as was associated with the Irish samples. No behavioral
working memory associations were found with healthy
participants in any sample. Finally, fMRI connectivity ana-
lysis of this risk allele in a subset of the discovery healthy
participant sample suggested an allele dosage effect of the

Table 3 CACNA1C Spatial Working Memory fMRI Study: Participant Demographics

Mean (SD) age Mean (SD) years education SWM mean (SD) accuracy SWM mean (SD) reaction time Gender (M/F)

AA (N= 25) 30.88 (11.02) 16.96 (3.84) 64.80 (6.86) 9070.61 (2332.96) 15 : 10

AG (N= 42) 27.86 (7.10) 17.75 (3.24) 62.17 (10.90) 8535.44 (2063.93) 15 : 27

GG (N= 17) 29.00 (10.30) 17.66 (2.87) 64.94 (4.63) 8811.90 (2296.80) 7 : 10

F or χ2 F= 0.868 F= 0.438 F= 0.972 F= 0.475 χ2= 3.822

P 0.424 0.647 0.383 0.624 0.148

Abbreviation: SWM, spatial working memory.
F-statistic: one-way ANOVA comparing age, years of education, spatial working memory accuracy, and reaction time between genotype groups; χ2 analysis: comparing
gender by genotype group.
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rs2007044 risk G allele on connectivity between the right
DLPFC and multiple other cortical regions.
As reviewed by Heyes et al (2015) the role of voltage-gated

calcium channels in increasing risk of psychiatric disorders
including SZ is currently the focus of intense investigation.
Multiple intronic variants situated within the gene coding for
CACNA1C (eg, rs2007044, rs1006737, rs4765905) have been
found to confer transdiagnostic susceptibility to SZ, bipolar
disorder, and major depressive disorder (Cross-Disorder
Group of the Psychiatric Genomics Consortium et al, 2013;
Green et al, 2010; Nyegaard et al, 2010; The Schizophrenia
Psychiatric GWAS Consortium, 2011; Williams et al, 2011;
Zheng et al, 2014). Timothy Syndrome, a disorder that
includes cognitive deficits (Splawski et al, 2004), has also

been associated with a missense mutation in CACNA1C. A
previously identified intronic CACNA1C risk variant
rs1006737 (Nyegaard et al, 2010; Sklar et al, 2008), which
is in moderately high LD with the PGC-identified variant
rs2007044 investigated here (LD r2= 0.79), was also pre-
viously associated with poorer cognitive performance in SZ
patients and controls (Hori et al, 2012; Soeiro-de-Souza et al,
2013; Zhang et al, 2012). In the first study that reports on the
cognitive effects of rs2007044, the results we observe across
three independent cohorts are highly consistent with those
reported for rs1006737 by Hori et al (2012) and Chen et al
(2012), although one finding reported by Frazier et al (2014)
reports the rs1006737 risk allele as being associated with an
increase in cognitive function.

Table 4 Clusters, Including Individual Peaks, Showing Significantly Decreased Functional Connectivity with the Right DLPFC with Increasing
rs2007044 Risk Alleles: Global Maximum Approach, Five Outliers Removed (n= 77)

Cluster Extent (voxels) P-valuea Cluster peaks t-value Z-value Peak coordinates (MNI)

1 888 o0.001 Right superior occipital gyrus 4.92 4.55 21 − 73 31

Right cuneus 4.65 4.33 15 − 67 34

Right precuneus 4.45 4.17 9 − 43 46

2 121 0.02 Right anterior cingulate cortex 4.90 4.53 6 29 19

aThe p-values are FWE-corrected for multiple comparisons at the cluster level.

Figure 1 Effects of CACNA1C rs2007044 variant on right prefrontal connectivity during spatial working memory, global maximum approach, five outliers
removed (n= 77). The y-axis represents mean parameter estimates in arbitrary units; clusters are significant at po0.05, FWE-corrected at the cluster level, and
represent regions where functional connectivity with the right DLPFC is weaker with increasing risk G alleles. Each 2D axial slice is labeled with an x-coordinate
(MNI space). Clusters are rendered on the ‘ch256’ brain template using MRIcroGL (http://www.mccauslandcenter.sc.edu/mricrogl/). Additional editing of figure
(eg, changing the size/resolution) performed using MS Paint and/or Paint.NET v3.5.10.
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Neural Mechanism of CACNA1C Role in Working
Memory

In seeking to establish the cortical basis of the CACNA1C
rs2007044 risk allele effects on working memory, we analyzed
fMRI data obtained during working memory task perfor-
mance. Based on a previously reported methodology for
assessing task-dependent functional connectivity (Paulus et al,
2013), we found that rs2007044 risk genotype was associated
with decreased connectivity between the DLPFC and a
distributed network of cortical regions (including the right
cuneus, right anterior cingulate cortex, and left inferior frontal
gyrus). This association suggested that during working
memory task performance, risk carriers had difficulty with
top-down initiated cortical responses that resulted from
dysconnectivity between the right DLPFC and other frontal
and parietal regions. Although no genotype effects were
evident for neural activation (as measured by BOLD
activations), it has previously been suggested that functional
connectivity between brain regions may represent a more
sensitive intermediate phenotype in identifying neural circuits
for SZ risk variants compared with measures of neural activity
(Meyer-Lindenberg, 2009). Previous connectivity analysis for
rs1006737 in working memory also reported altered functional
connectivity between the right DLPFC and the hippocampal
formation; however, the results obtained by Paulus et al
(2014), in which the rs1006737 risk allele (A) was associated
with increased connectivity between the regions implicated,
are inconsistent with the present study. Our results also
differed from this previous study by suggesting that the
pattern of altered connectivity between the right DLPFC and
other cortical regions is more widespread. The reasons for this
are uncertain and may relate to differences in either the SNP
or working memory task studied. Whatever the cause, by
again relating the deleterious effects of CACNA1C on working
memory to prefrontal dysconnectivity, our study highlights
calcium channel deregulation as an important mechanism that
contributes to cognitive deficits. Differences in functional
connectivity findings between studies are, as with other
imaging analyses approaches, also likely to result from
methodological differences (Bedenbender et al, 2011). As
there is currently no gold standard method in functional
connectivity research, these results should be interpreted with
caution until they are replicated in an independent sample and
shown to be consistent across different methodologies.

Molecular Mechanisms

CACNA1C codes for the α1c subunit of the L-type calcium
channel that is particularly important to heart and brain
function. In the brain, these channels are highly expressed in
the dentate gyrus, a region synonymous with memory
function (Jabès and Nelson, 2015; Kee et al, 2007). Although
no significant findings in hippocampal regions are evident,
the α1c channel subunit encoded by CACNA1C is also widely
expressed throughout other areas of the brain, including
regions of altered connectivity identified in the present and
other studies. These α1c subunits are not only predominantly
expressed postsynaptically on the cell soma but also on the
spines and shafts of neuron dendrites (Zamponi et al, 2015),
supporting neuronal plasticity, through which they are
involved with learning and memory.

The molecular impact of rs2007044 has not yet been
explored. For the rs1006737 SNP, risk genotype has been
associated with increased CACNA1C mRNA expression in
induced human neurons (Yoshimizu et al, 2015) and in
human DLPFC (Bigos et al, 2010). In contrast, data from the
Braineac database (Ramasamy et al, 2014) show that the SNP
can have opposite effects—that CACNA1C expression is
decreased in the presence of one or more risk (G) rs2007044
alleles—although this is dependent on brain region. It is
currently unclear, therefore, how the behavioral and cortical
SNP effects reported here might relate to difference in
expression, and thereby to calcium subunit function,
although this is likely to be influenced by the developmental
stage and type of cell.
The two voltage-gated calcium channel genes included

here play a key role in synaptic transmission. Calcium
channels are composed of different channel-forming sub-
units. Each have multiple isoforms that determine specific
cellular behavior (Breitenkamp et al, 2014). Contrary to the
assumption that genes coding for calcium subunits might
influence the same cognitive functions, the two calcium
channel SNPs included here were found to influence
different domains—working memory and ToM respectively.
To our knowledge, no other group to date has examined the
effects of this CACNB2 variant rs7893279 (or any other
CACNB2 variant) on cognition, and it was not possible to
replicate these findings in the independent samples available
(see discussion of limitations below). At the same time,
CACNA1C has recently also been associated with effects on
social information processing (Dima et al, 2013). Therefore,
whether this gene family has effects on more than one
cognitive process warrants further investigation for poten-
tially dissociable effects.

Study Limitations

Associations between common variants associated with risk
for psychiatric disorders and certain phenotypes are expected
to be small, and issues of both false positive and false
negatives have been widely reported (Ioannidis et al, 2014).
Here we sought to replicate our working memory finding
in independent samples. Although a significant effect of
rs2007044 on working memory was observed in the Irish,
Welsh, and German samples, associations were with
different working memory tasks in each sample. In the Irish
patient samples, the association was with spatial but not
verbal working memory. No association with the CPT was
observed that, although included here as a measure of
attention, is also significantly correlated with the CANTAB
SWM and LNS working memory tasks. In the Cardiff sample
(SZ/SZA patients only) the association observed was with a
composite score, and in a follow-up analysis with verbal but
not spatial working memory. Finally, in the German sample
(SZ patients), the association was with n-back (2-back)
performance but not with a second composite measure, or
the individual tasks from which the composite score was
derived. These between-sample differences between working
memory tasks had not been hypothesized. It is possible
that some measures may have differed in their sensitivity to
gene effects in different cohorts. What is clear is that these
differences cannot simply be attributed to verbal versus
visuospatial effects as, eg, spatial effects were strongest in
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the Irish samples, but verbal effects were strongest in the
Cardiff samples. The lack of association with other cognitive
domains suggests that this association is just with working
memory. At the same time, given that calcium channels have
essential function in many types of neurons, and are
expressed throughout the brain, and given previous studies
of CACNA1C and cognition (eg, as reviewed by Rose and
Donohoe, 2013) the cognitive effects of CACNA1C are
unlikely to be cognitively or cortically specific.
The present study did not include patients in the fMRI

analysis, thus requiring an inferential leap between the
cognitive findings and the MRI findings. Confirming similar
cortical effects in patients as found here in healthy
participants will be important. Similarly, although the variant
was associated with reduced working memory capacity in
patients and healthy participants using neuropsychological
assessment, no effects were observed in healthy participants
on our fMRI SWM task. This is likely because of the reduced
power in the MRI sample (n= 77) to observe significant
behavioral effects compared with the neuropsychological
assessment sample. Nevertheless, this is an important
limitation of the present study, limiting the extent to which
we can infer that the variant affects working memory
through a mechanism of altered prefrontal connectivity.
Although we have attempted to remove task-related

variance out of the fMRI data using regression before
connectivity analysis, it is important to note that task-related
signal cannot be completely removed from BOLD data,
making this an important limitation of the seed-voxel
correlation approach to functional connectivity during task-
based fMRI. Future studies could use PPI analysis to examine
genetic effects on functional connectivity changes related to
specific cognitive states (eg, SWM) (Friston et al, 1997).
However, our current study, which is underpowered to detect
smaller genetic effects, may not be sufficiently powered for
PPI as this technique is associated with low statistical power
and high incidence of false negatives (O'Reilly et al, 2012). In
this study we sought to use methods as similar as possible to
those of previous studies that have examined effects of
CACNA1C variation on functional connectivity (eg,
Bedenbender et al, 2011). However, it should be noted that
the method of including peak voxel coordinates as nuisance
covariates used here may be unsuccessful at fully removing
effects of these differences in peak voxel coordinates if
coordinates change in a quadratic rather than linear way. As
such, future studies will be necessary to examine further the
effects of differences in peak voxel coordinates on the
estimation of functional connectivity.
Given the importance of social cognition to understanding

functional disability in SZ (Green et al, 2015), our inability to
replicate the association in our discovery sample between
two other risk loci and ToM is noteworthy. In our discovery
sample, based on a measure of ToM, we found that risk allele
T carriers at rs7893279 scored lower on a ToM measure than
noncarriers; and also that carriers of the C risk allele at
rs1339227 scored higher on a ToM task than noncarriers,
both for the group as a whole and for the SZ/SZA sample
considered separately. The rs1339227 SNP is ~ 50 kb away
from RIMS1; the closest gene in this region. The direction of
this result was contrary to our expectation that risk allele
dosage would be associated with poorer performance, and
did not replicate in the Cardiff sample based on MSCEIT

‘managing emotions’ subtest performance; no social cogni-
tion measure was available in the German data set. The lack
of either the same measure or any measure of social
cognition in sufficiently large data sets to enable replication
of genetic findings related to social cognition is currently an
important limitation for our field, especially considering our
surprising findings here.
Surprisingly, none of the SNPs identified as associated

with cognitive performance in our discovery sample were
linked to glutamate or dopaminergic transmission, given
previous candidate gene studies (eg, COMT, DTNBP1). It is
of interest to note that in a recent bioinformatics study
seeking to prioritize signals identified by the Schizophrenia
Working Group of the Psychiatric Genomics Consortium
(2014), Pers et al (2016) generated a gene set that overlapped
substantially with the set reported here. This suggests that the
findings observed through the novel approach taken here are
unlikely to be accounted for purely on the basis of an
idiosyncratic approach to gene prioritization. Finally,
although this study was designed to test the relevance of
genetic risk loci related to synaptic function as a potential
biological mechanism of cognitive disability in SZ, this
pathway in not unique in this regard. Other gene networks
and biological pathways are also likely to be relevant,
including gene sets with gene regulatory functions, eg,
MIR137 (Cosgrove et al, 2017) and ZNF804A (Nicodemus
et al, 2014) among others. Several other gene sets also
warrant investigation, including gene sets with epigenetic
effects and those with immune effects. In order to limit the
SNPs included in the analysis, some synapse-related genes
identified from the PGC-SZ were excluded if they were not
involved in processes of neurotransmission, neurotransmit-
ter secretion, or transduction as identified using the OMIM
or Uniprot databases. As a more intensive investigation into
each of the ~ 350 genes was not feasible, we took this broad
approach to assigning function to genes from the PGC-SZ. A
limitation of using this approach is that this may have led to
the exclusion of some genes that may be expected, eg, from
other databases, to be included under the function of
synaptic transmission.

CONCLUSION

In conclusion, these data, based on previously identified SZ
risk variants associated with synaptic transmission, provide
some additional evidence for the role of CACNA1C in
memory function already postulated in the literature.
Furthermore, this association, we suggest, may result from
patient risk carriers’ difficulty with top-down initiated
responses caused by dysconnectivity between the right
DLPFC and other cortical regions. These deficits, and the
potential role of calcium channel subunits in contributing to
these, are not effectively addressed by current therapeutics.
In this context, the approach to characterizing the functional
effects of risk variants at both a behavioral and neural
systems level, reported here, may assist future efforts to
identify novel biological targets for treatment.
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