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Recent genetic association studies have identified the A-allele of rs1006737 within CACNA1C as a risk factor
for schizophrenia as well as mood disorders. Some evidence suggests that this polymorphism plays a role in
cognitive function both in schizophrenia patients and healthy individuals; however, the precise nature of
this association remains unclear. Here we investigated the possible association of this polymorphism with a
wide range of neurocognitive functions in schizophrenia patients and in healthy subjects. Schizophrenia
patients exhibited significantly poorer performance on all the cognitive domains as compared to healthy
controls. In patients, A-allele carriers demonstrated significantly worse logical memory performance than
the G-allele homozygotes. In controls, no significant association was observed between the genotype and any
of the cognitive domains examined. These results add to the literature suggesting that rs1006737 may be
associated with schizophrenia through its detrimental effect on endophenotypic traits.

C
ACNA1C on chromosome 12p13 encodes an a-1 subunit of the voltage-dependent L-type gated calcium
channel CAv1.2, which mediates the influx of calcium ions into the cell upon membrane polarisation and
plays an important role in dendritic development, neuronal survival, synaptic plasticity and memory/

learning1. Genome-wide association studies have detected an intronic single nucleotide polymorphism (SNP)
rs1006737 of CACNA1C as a risk factor for bipolar disorder2,3. Subsequent studies have demonstrated that this
SNP is also associated with unipolar major depressive disorder4–6 and schizophrenia5,7,8.

It is now well established that schizophrenia is a highly heritable disorder. One of the cardinal features of
this disorder is wide-ranging cognitive impairments including profound memory deficits9,10. It has been
postulated that susceptibility genes for a neuropsychiatric disorder could mediate liability for the disorder
at least partly by influencing endophenotypes such as neurophysiological, neuroanatomical and neurocog-
nitive features11. A heritability study on a collection of endophenotypes for schizophrenia suggests that
cognitive function is one of such endophenotypic markers worthy of consideration in attempting to identify
the genetic basis of schizophrenia12. Supporting this, many (but not all) studies have reported an association
between SNPs in schizophrenia susceptibility genes, such as catechol-O-methyltransferase (COMT), dysbin-
din 1 (DTNBP1) and zinc finger protein 804A (ZNF804A), and cognitive performance both in schizophrenia
patients13–15 and healthy people16–19. Several recent studies have also shown that the psychiatric risk A-allele at
rs1006737 within CACNA1C is associated with impaired working memory in schizophrenia patients20 as well
as with decreased attention21, working memory20 and verbal fluency22 in healthy adults. However, these
studies examined relatively limited cognitive domains, and no studies to date have employed a comprehens-
ive cognitive test battery to investigate the association of CACNA1C with neurocognition in schizophrenia
patients or healthy people.

The present study aimed to investigate an association of the CACNA1C rs1006737 polymorphism with an array
of neurocognitive functioning in schizophrenia patients and healthy control subjects. Our secondary purpose was
to examine whether this SNP would be associated with schizophrenia as no case-control studies for this asso-
ciation have been performed in a Japanese population.
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Results
Association of CACNA1C rs1006737 with the development of
schizophrenia. In the case-control genetic association sample, age
(t 5 3.0, P 5 0.002) and gender distribution (x2 5 67.2, P , 0.001)
significantly differed between the two diagnostic groups. Genotype
frequencies did not deviate from Hardy-Weinberg equilibrium in
schizophrenia patients or healthy controls (Table 1). No significant
differences were seen in genotype or allele frequencies between the
patients and controls (Table 1); however, we would like to note that
the odds ratio of the minor allele (A-allele) for schizophrenia was
1.15 (95% confidence interval: 0.86–1.54). Table 2 presents a com-
parison of our data and those of the four previous studies5,7,8,20 which
conducted a genetic association analysis between schizophrenia and
the CACNA1C polymorphism rs1006737.

Association of CACNA1C rs1006737 with cognition. Demogra-
phic characteristics and clinical variables for patients and controls
included in the cognitive endophenotype analysis are presented in
Table 3. No significant differences between the genotypes were seen
in any of the variables examined for either patients or controls.
Therefore we controlled only for age and gender in the following
ANCOVA analyses.

Results of the association between genotype and cognition are
shown in Fig. 1a for schizophrenia patients and Fig. 1b for healthy
controls. The initial two-way ANCOVA controlling for age and gen-
der showed that the main effect of diagnosis was significant for all the
seven cognitive factors (all P-values , 0.001), confirming the asso-
ciation of schizophrenia with pervasive neurocognitive deficits. The
most pronounced impairment was found for processing speed (more
than 2 SD below the mean of the controls), followed by logical mem-
ory. The main effect of genotype was marginally significant only
for logical memory [F(1,846) 5 6.64, P 5 0.010]. Genotype-by-
diagnosis interaction was significant only for logical memory
[F(1,846) 5 8.68, P 5 0.003]. The one-way ANCOVA in schizophre-
nia patients, controlling for age and gender, revealed that the main
effect of genotype was significant for logical memory [F(1,169) 5

8.39, P 5 0.006], but not for the other six factors (all P-values . 0.1)
(Fig. 1a). In the one-way ANCOVA in control subjects the main

effect of genotype was not significant for any of the seven factors
(all P-values . 0.1) (Fig. 1b).

Discussion
We can summarize our findings as follows. For the genetic asso-
ciation analysis, we did not find significant differences in genotype
or allele frequencies of the CACNA1C rs1006737 polymorphism
between the patients and controls, with the odds ratio of the risk
A-allele for schizophrenia being 1.15 (95% confidence interval: 0.86–
1.54). In the neurocognitive endophenotype analysis we found a
significant association between the risk allele and lower logical mem-
ory performance in schizophrenia patients. No significant asso-
ciation between the genotype and cognitive function was found in
healthy controls.

The present study is the first to examine the effect of the psychi-
atric risk gene CACNA1C on a wide range of neurocognitive domains
in schizophrenia patients or healthy controls. In the endophenotype
analysis we confirmed the pervasive neurocognitive impairments in
schizophrenia. Our finding of the especially profound deficits in
processing speed and logical (verbal) memory corresponds well to
the literature9,10,23. The fact that verbal memory is one of the most
severely impaired cognitive domains in schizophrenia might be
related to the present finding of a significant effect of rs1006737 on
this particular domain. The present finding also accords with the
rodent data associating CAv1.2 with memory function24,25. In healthy
controls, we did not find a significant effect of this genotype on any of
the cognitive domains. While we can only speculate on the reason for
these discrepant results between schizophrenia patients and healthy
controls, this type of differential association was also reported
for other schizophrenia candidate genes, such as COMT15 and
ZNF804A14. Previous studies investigating the effect of rs1006737
on neurocognitive function have observed somewhat different
results from the present one. Krug et al. found rs1006737 to be
associated with decreased semantic verbal fluency in healthy
men22, although our neuropsychological test battery did not include
this domain. Zhang et al. showed an association between the A-allele
and impaired working memory in both schizophrenia patients and

Table 1 | Genotype and allele distributions in schizophrenia patients and healthy controls for the CACNA1C polymorphism rs1006737

n

Genotype counts (frequency) Allele counts (frequency)

HWE P-value
(df 5 1)AA AG GG

x2 P-value1

(df 5 1) A G OR (95%CI)
x2 P-value
(df 5 1)

Schizophrenia 552 2 (0.00) 70 (0.13) 480 (0.87) 0.36 74 (0.07) 1030 (0.93) 1.15 (0.86–1.54) 0.35 0.74
Controls 1132 3 (0.00) 127 (0.11) 1002 (0.89) 133 (0.06) 2131 (0.94) 0.62

Abbreviations: CI, confidence interval; HWE, Hardy-Weinberg Disequilibrium; OR, odds ratio; df, degree of freedom.
1P-value was calculated after combining AA and AG genotypes as a group.

Table 2 | Summary of genetic association studies of schizophrenia for the CACNA1C polymorphism rs1006737

n (SZ/CON)

Genotype counts (AA/AG/GG) Allele frequency (A-allele)

SZ CON x2 P-value SZ CON x2 P-value OR (95%CI)

The present study 552/1132 2/70/480 3/127/1002 0.36 5 0.067 0.059 0.35 1.15 (0.86–1.54)
Green et al. (2010)1 479/11361 66/208/205 1252/4949/5160 0.034 0.355 0.328 0.083 1.15 (0.99–1.32)
Nyegaard et al. (2010)2 976/1489 130/444/402 158/675/656 0.015 0.361 0.333 0.044 1.13 (1.003–1.275)
Bigos et al. (2010)3 282/440 NA NA 0.03 NA NA NA NA
Zhang et al. (2012)4 318/401 NA NA . 0.05 NA NA NA NA

Abbreviations: SZ, schizophrenia patients; CON, control individuals; CI, confidence interval; OR, odds ratio; NA: not available.
1P-value for allele frequency was calculated based on their data.
2P-value for allele frequency, odds ratio and its 95% confidence interval were calculated based on their data.
3Odds ratio (95% confidence interval) for A-allele homozygotes was reported to be 1.77 (1.07–2.91).
4Detailed data are not presented in this report.
5P-value was calculated after combining AA and AG genotypes as a group.
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healthy controls (but not in patients with bipolar disorder)20, whereas
we did not find the significant association between rs006737 and
working memory either in schizophrenia patients or healthy indivi-
duals. It should be noted, however, that their test battery to assess
working memory consisted of the n-back and dot pattern expectancy
(DPX) tasks, which were substantially different from our subtests
pertaining to the working memory factor, ie, digit span and spatial
memory span. It may be that working memory performance as mea-
sured by the former tasks is more sensitive to the effect of the
CACNA1C genotype.

With respect to the association between schizophrenia and the
rs1006737 polymorphism of CACNA1C, we failed to find the signifi-
cant association reported in previous studies5,7,8. Nonetheless, the
odds ratio observed here was comparable to those reported in the
two previous genetic association studies on CACNA1C rs1006737 for
schizophrenia5,8 (Table 2). It is therefore conceivable that our rela-
tively small sample size for the genetic association study may have
caused the non-significant result, as is also indicated by the power
calculation below. Thus the present result should not be interpreted
as contradictory to the literature linking CACNA1C rs1006737 to
various psychiatric disorders including schizophrenia. Indeed, the
current consensus in genetic association studies for common diseases
including schizophrenia and mood disorders is that a very large
sample size is required to discover common risk loci, and the iden-
tified polymorphisms in candidate genes for any particular disease
impart only a small risk to the overall heritability of the disease. It
should also be noted that Zhang et al. did not find a significant
association between rs1006737 and schizophrenia in the Han
Chinese population20. Given that the frequency of the risk A-allele
is markedly lower in Asian than in Caucasian populations (Table 2),
it is possible that the association between rs1006737 and schizophre-
nia could be influenced by the ethnic difference.

A few limitations to the present study should be acknowledged.
First, the limited power of the present sample for the case-control
association study is likely to have caused a type II error. Power
calculation was performed based on the present sample of 552
patients and 1132 controls with the minor allele frequency of 0.059
in controls, revealing that our study had 90% power to detect a

significant difference at the a 5 5% level if the allelic odds ratio
was 1.59 or more. Given that two studies have found the odds ratio
to be around 1.155,8, the present sample size is considered insufficient
to detect a significant difference, although our data may contribute to
future meta-analytic studies. The current sample size for the cognit-
ive endophenotype analysis may also have been under-powered to
detect a small, if any, effect of genotype on cognition, particularly in
the patient group; post-hoc power calculations revealed that, for the
sample of 175 schizophrenia patients (ie, 25 A-allele carriers v. 150
G-allele homozygotes), this study had 90% power to detect a mean
difference of 0.7 (with a standard deviation of 1.0) at thea5 5% level,
and for the sample of 620 controls (ie, 75 A-allele carriers v. 545 G-
allele homozygotes), this study had 90% power to detect a mean
difference of 0.4 (with a standard deviation of 1.0) at the a 5 5%
level. Still, our sample size was comparable to or larger than those of
previous studies20,21,22 that have investigated the effect of CACNA1C
rs1006737 on neurocognitive/neuroimaging correlates. Further
studies that examine the effect of this SNP on neurocognition in a
larger sample are needed to draw definitive conclusions. Second,
although we employed a neuropsychological test battery that covered
wide-ranging neurocognitive domains, it still omitted some domains
implicated in the cognitive pathology of schizophrenia such as verbal
fluency and inductive reasoning.

In summary, the present finding suggests that CACNA1C may be
involved in the pathophysiology of schizophrenia, at least in part
by influencing verbal memory function. Since growing evidence
demonstrates that CACNA1C is a shared susceptibility gene that
crosses currently available diagnostic categories, future studies are
warranted to test the effect of CACNA1C on endophenotypic traits in
various psychiatric disorders, particularly in psychotic and mood
disorders.

Methods
Subjects. Subjects of the genetic association part of our study consisted of 552 patients
with schizophrenia (304 men and 248 women; mean age 6 standard deviation (SD):
43.7 6 13.9 years) and 1132 healthy controls (387 men and 745 women; mean age 6

SD: 46.0 6 16.2 years). All subjects were biologically unrelated Japanese. Patients
were recruited from the outpatient clinic and inpatient ward of the National Center of
Neurology and Psychiatry Hospital, Japan, which is located at the western part of

Table 3 | Demographic and clinical variables of schizophrenia patients and healthy controls included in the cognitive experiment, stratified
by the CACNA1C rs1006737 genotype

Characteristics

Schizophrenia patients (n 5 202) Healthy controls (n 5 706)

AG1AA
(n 5 31) GG (n 5 171) Statistics P-value

AG1AA
(n 5 87)

GG
(n 5 619) Statistics P-value

Age, years: mean 6 SD 40.9 6 13.1 42.0 6 13.2 t 5 0.40 0.69 46.7 6 16.0 44.1 6 15.4 t 5 1.47 0.14
Gender, female: n (%) 12 (38.7) 64 (37.4) x25 0.02 0.89 65 (74.7) 455 (73.5) x25 0.06 0.81
Education, years: mean 6 SD 13.1 6 2.2 13.0 6 2.7 t 5 0.12 0.90 15.0 6 2.9 15.1 6 2.7 t 5 0.35 0.72
Family history of any psychiatric

disorder: yes, n (%)
14 (45.2) 72 (42.1) x25 0.10 0.75 12 (13.8) 84 (13.6) x25 0.003 0.95

Age at onset, years: mean 6 SD 23.2 6 9.0 24.0 6 8.4 t 5 0.51 0.61 NA NA NA NA
Duration of illness, years: mean 6 SD 18.8 6 12.0 17.7 6 11.9 t 5 0.45 0.65 NA NA NA NA
Outpatients/inpatients:

n (%) of outpatients
23 (74.2) 133 (77.8) x25 0.19 0.66 NA NA NA NA

Number of hospitalisations:
mean 6 SD

3.0 6 3.3 2.3 6 2.4 t 5 1.40 0.16 NA NA NA NA

Lifetime ECT: yes, n (%) 2 (6.5) 22 (12.9) Fisher’s exact 0.54 NA NA NA NA
Medication dosage1, mg/day:

mean 6 SD
913.4 6 685.7 711.2 6 658.8 t 5 1.51 0.13 NA NA NA NA

PANSS positive score2: mean 6 SD 12.5 6 7.0 13.4 6 5.4 t 5 0.65 0.51 NA NA NA NA
PANSS negative score2: mean 6 SD 17.7 6 7.9 18.3 6 7.7 t 5 0.31 0.76 NA NA NA NA
PANSS general psychopathology

score2: mean 6 SD
27.2 6 7.2 29.2 6 8.5 t 5 1.04 0.30 NA NA NA NA

Abbreviations: ECT, electroconvulsive therapy; PANSS, Positive and Negative Syndrome Scale; NA, not applicable.
1Chlorpromazine equivalents.
2Data were available for 130 patients with schizophrenia.
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Tokyo, or through advertisements in free local magazines and our website
announcement. Most of the patients recruited via advertisements or website
announcement were regularly attending to a nearby hospital or clinic located in the
same geographical area, ie, the western part of Tokyo. Consensus diagnosis by at least
two psychiatrists was made for each patient according to the Diagnostic and Statistical
Manual of Mental Disorders, 4th edition criteria26, on the basis of unstructured
interviews and information from medical records.

Healthy controls were recruited from the same geographical area via the free local
magazines and our website announcement. They were interviewed using the Japanese
version of the Mini-International Neuropsychiatric Interview27,28 by a research

psychiatrist, and only those who demonstrated no current Axis I psychiatric disorders
were enrolled in the study. In addition, those individuals who demonstrated one or
more of the following conditions in a non-structured interview performed by an
experienced psychiatrist were excluded: past or current regular contact to psychiatric
services, having a history of regular use of psychotropics or substance abuse/
dependence, presenting other obvious self-reported signs of past primary psychotic
and mood disorders, and having a prior medical history of central nervous system
disease or severe head injury.

Of the subjects genotyped, neuropsychological data were available for 202 patients
and 706 controls. For these patients included in the cognitive assessment, daily doses
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Figure 1 | Comparisons of performance on the seven neurocognitive domains between A-allele carriers (white bars) and G-allele homozygotes (black
bars) in patients with schizophrenia (a) and control subjects (b). **P 5 0.006 (according to the ANCOVA controlling for age and gender). Error bars

represent standard errors of the mean.
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of antipsychotics, including depot antipsychotics, were converted to chlorpromazine
equivalents using guidelines29,30. Schizophrenic symptoms were assessed by a research
psychiatrist in 130 (64%) of the 202 patients, using the Positive and Negative
Syndrome Scale (PANSS)31; this yields positive, negative, and general psychopatho-
logy subscale scores.

The present experiments on our participants were conducted in accordance with
the Declaration of Helsinki. After the nature of the study procedures had been fully
explained, written informed consent was obtained from all participants. The study
was approved by the ethics committee of the National Center of Neurology and
Psychiatry, Japan.

Genotyping. Genomic DNA was prepared from venous blood according to standard
procedures. Rs1006737 was genotyped using the TaqMan 59-exonuclease allelic
discrimination assay (assay ID: C___2584015_10). The thermal cycling conditions
for polymerase chain reaction were as follows: 1 cycle at 95uC for 10 min followed by
50 cycles of 92uC for 15 s and 60uC for 1 min. The allele-specific fluorescence was
measured with ABI PRISM 7900 Sequence Detection Systems (Applied Biosystems,
Foster City, CA). Ambiguous genotype data were not included in the analysis.

Neurocognitive test battery. A neurocognitive test battery, comprising full Japanese
versions of the Wechsler Memory Scale-Revised (WMS-R)32,33 and the Wechsler
Adult Intelligence Scale-Revised (WAIS-R)34,35 and the Wisconsin Card Sorting Test
(WCST)36,37, was administered. This battery was identical to that employed in our
previous study38. It took approximately 4 hours to complete the battery, and this
battery was administered over two or three days. The result of the digit span subtest in
the WAIS-R is not reported here as its more comprehensive version (ie, spatial
memory span in addition to digit span) is included in the WMS-R. Table 1 lists the
subtests included in these three tests. A portion of the subjects did not complete the
whole neuropsychological test battery due to several reasons such as fatigue or
unexpected change of his/her schedule; however, those who completed at least one of
the three neuropsychological tests were included in the present analyses.
Consequently, WMS-R, WAIS-R and WCST were completed by 173 (85.6%), 178
(88.1%) and 177 (87.6%) of the total 202 schizophrenia patients and by 679 (96.2%),
618 (87.5%) and 664 (94.1%) of the total 706 control subjects, respectively (detailed in
Supplementary Table S1 online).

Considering that there were as many as 27 subtests in the three neuropsychological
tests, main analyses were conducted using the seven cognitive factors that we had
identified in the previous report38 to avoid the problem of multiple testing as well as to
make the interpretation of results easier. The seven factors were: verbal compre-
hension, WCST, paired-associate memory, working memory, visual memory, logical
memory, and processing speed. These seven factors corresponded closely to the
factors identified in previous studies that applied a factor analytic technique to
neurocognitive functioning in schizophrenia39. Results of all subtest scores on the
three neuropsychological tests and the WAIS-R IQs, stratified by diagnostic groups
and CACNA1C rs1006737 genotype, are provided in Supplementary Table S1 online.
Subtests that loaded onto each factor are indicated in the footnote of this table.

Analysis. Averages are reported as means 6 SD. For demographic and clinical
characteristics, categorical variables were compared using the x2 test or Fisher’s exact
test where appropriate. The t-test was used to examine differences between groups.
Deviations of genotype distributions from Hardy-Weinberg equilibrium (HWE)
were assessed using the x2 test for goodness of fit. Genotype and allele distributions
were compared between patients and controls by using the x2 test for independence.
Due to the small number of the AA genotype (2 in the schizophrenia group and 3 in
the healthy control group), we combined the AA genotype with the AG genotype in all
of the analysis, as in previous studies20,40.

The association between the SNP rs1006737 and cognition was examined by the
following steps. First, mean scores of the seven cognitive factors were normalised to
the z-score using the control group data. The two-way analysis of covariance
(ANCOVA), with genotype (minor allele ‘A’ carriers v. major allele ‘G’ homozygotes)
and diagnosis (schizophrenia v. controls) as fixed factors and age and gender as
covariates, was then performed to compare the seven cognitive factor scores. Lastly,
we conducted one-way ANCOVA with potential confounders, in addition to age and
gender, as covariates, separately for schizophrenia and control groups, to further
explore the simple effect of genotype.

Statistical significance was set at two-tailed P , 0.05. In the cognitive endophe-
notype analysis we used a Bonferroni-corrected P-value of 0.007 (0.05/7) for stat-
istical significance, given that there were seven cognitive factors that were
simultaneously examined. Analyses were performed using the Statistical Package for
the Social Sciences (SPSS) version 18.0 (SPSS Japan, Tokyo).
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