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CACNA1C gene polymorphism rs2007044 has been reported to be associated with schizophrenia, but its under-
lying brain mechanism is not clear. First, we conducted an exploratory functional magnetic resonance imaging
(fMRI) study using an N-BACK task and a Stroop task in 194 subjects (55 schizophrenia patients and 139 healthy
controls). Our whole brain analysis found that the risk allele was associated with reduced activation of the left
inferior frontal gyrus (IFG) during the Stroop task (cluster size = 390 voxels, P < 0.05 TFCE-FWE corrected;
peak MNI coordinates: x = —57,y = —6, z = 30). We also conducted a functional near-infrared spectroscopy
(fNIRS) study using the same Stroop task in an independent sample of 126 healthy controls to validate the
fMRI finding. Our repeated-measures ANCOVA on the six channels (20, 27, 33, 34, 40 and 46) within the left
IFG also found significant result. The polymorphism rs2007044 showed significant effect on the oxy-Hb data
(F = 5.072, P = 0.026) and showed significant interaction effect with channels on the deoxy-Hb data (F =
2.841, P = 0.015). Taken together, results of this study suggested that rs2007044 could affect the activation of
the left IFG, which was a possible brain mechanism underlying the association between CACNA1C gene polymor-
phism and schizophrenia.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

development (Bhat et al., 2012; Moosmang et al., 2005; Striessnig
et al,, 2014; Wheeler et al., 2012; Zamponi et al., 2015).

Schizophrenia is a highly heritable mental disorder with an esti-
mated heritability at about 80% (Sullivan et al., 2003), however, its un-
derlying genetic pathways are largely unknown. One gene that codes
for the Ca, 1.2 voltage-dependent L-type calcium channel alpha 1C sub-
unit (CACNA1C, 12p13.3) has been strongly suggested to play an impor-
tant role in the etiology of schizophrenia. Ca, 1.2 is the predominant
(about 90%) calcium channel in the brain (Hell et al., 1993; Sinnegger-
Brauns et al.,, 2009; Striessnig et al., 2014) and is of vital importance to
intracellular signaling pathway activity, gene transcription, mRNA deg-
radation, truncated protein, synaptic plasticity, and neuronal
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The evidence for an association between CACNA1C and schizophre-
nia has mainly come from genome wide association studies (GWAS)
(Cross-Disorder Group of the Psychiatric Genomics, 2013; Hamshere
et al.,, 2013; Ripke et al., 2013; Schizophrenia Psychiatric Genome-
Wide Association Study, 2011). These studies found that multiple poly-
morphisms in intronic 3 of CACNAIC (including rs1006737, rs4765905
and rs1024582) in the same linkage disequilibrium block were signifi-
cantly associated with schizophrenia. Among them, rs1006737 was
the most commonly reported. Studies of Caucasian subjects have dem-
onstrated that the risk allele of rs1006737 is associated with increased
expression of mRNA (Bigos et al., 2010), decreased gray matter volume
(Franke et al., 2010), and altered function of multiple brain regions
(Bigos et al., 2010; Erk et al., 2014; Erk et al., 2010; Krug et al., 2010;
Krug et al,, 2014; Paulus et al., 2014; Thimm et al., 2011). However, be-
cause of the low allelic frequency of this polymorphism'’s minor allele in
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Han Chinese (MAF = 0.023, as compared to 0.304 in Caucasians), it is
unlikely for this SNP to play a major role in schizophrenia among Han
Chinese (Park et al.,, 2011).

Recently, in its GWAS of about 36,989 cases and 113,075 controls,
Schizophrenia Working Group of the Psychiatric Genomics Consortium
(PGC, 2014) identified another CACNA1C polymorphism (rs2007044, A/
G) as the fourth (the P-value was 2.63e-17, the minor G allele was the
risk allele) most significant hit out of 128 that met genome-wide signif-
icance level. In the same year, Zheng et al. (2014) also reported a signif-
icant association between rs2007044 and schizophrenia in a Han
Chinese sample. The polymorphism rs2007044 is in the same linkage
disequilibrium block as rs1006737, but the former shows less ethnic
variation in allele frequencies.

However, the function of rs2007044 has been rarely studied. The
only evidence was supplied by Cosgrove et al. (2017). They found sig-
nificant association between the risk allele of the same SNP and poor
working memory at behavioral level. Their followed fMRI study of
working memory in 84 healthy volunteers could not find significant
genotype effect at regional brain activation however found significant
association between the risk allele and decreased functional connec-
tivity of the right dorsal lateral prefrontal cortex. We also aimed to
test the neural mechanism of rs2007044. In this study, we first did a
functional magnetic resonance imaging (fMRI) study in 194 subjects
(55 schizophrenia patients and 139 healthy controls) using a Stroop
task in addition to an N-BACK task (to measure working memory).
To validate this finding, we conducted a functional near-infrared spec-
troscopy (fNIRS) study in an independent sample of 126 healthy con-
trols. This strategy of using fNIRS data to validate fMRI results was
supported by previous fNIRS-fMRI studies that have showed high cor-
relations between signals in fNIRS and fMRI measurements (Cui et al.,
2011). Because schizophrenia have showed reduced activation in pre-
frontal cortex according to a meta-analysis of 41 fMRI studies of exec-
utive function (including N-BACK, Stroop, AX-CPT, etc.) (Minzenberg
et al., 2009). It is possible that schizophrenia risk factors such as
CACNA1C gene polymorphism at rs2007044 would affect the activities
of the prefrontal cortex when subjects were completing cognitive
tasks. We then hypothesized that the risk allele (G) would be associ-
ated with reduced activation of the prefrontal cortex, which may
serve as a neuro-mechanism of the CACNA1C gene in the pathophysi-
ology of schizophrenia.

2. Materials and methods

The protocol of the study was reviewed and approved by the Institu-
tional Review Board of the Institute of Cognitive Neuroscience and
Learning at Beijing Normal University. All subjects were Han Chinese
and gave written informed consent for this study.

2.1. Subjects

Study I (fMRI) included 55 schizophrenia patients and 139 healthy
controls, and Study II (fNIRS) included an independent sample of 126
healthy controls. The patient sample for Study I was recruited between
August 2008 and December 2015 from the inpatients of the Beijing
Anding Hospital. All patients fulfilled the DSM-IV criteria (American
Psychiatric Association, 2000) for schizophrenia according to the diag-
nostic consensus of two experienced psychiatrists based on structured
interview (SCID) (First et al., 2002). The Scale for the Assessment of
Negative Symptoms (SANS) (Andreasen and Xia, 1983) and Positive
Symptoms (SAPS) (Andreasen and Xia, 1984) were used to assess pa-
tients' negative and positive symptoms. The mean score of the SANS
and SAPS was 20.24 + 7.40 and 21.21 £ 7.12 respectively. All patients
were treated with a stable dose of atypical antipsychotics for
>2 weeks. Exclusion criteria for the patients included a history of
other psychiatric disorders and severe brain injury (any closed or
open injuries that may be related to current symptoms or cognitive

functions), current substance abuse, currently having acute psychotic
episodes, and failure to cooperate during the cognitive tests. The healthy
controls were from the same geographical region as the patients and
were interviewed by experienced psychiatrists to screen for any per-
sonal or family history of psychiatric disorders. Two schizophrenia pa-
tients and ten healthy controls were excluded from the analyses due
to their excessive head motion (>3° or 3 mm).

For Study II, all subjects were heathy controls and were recruited by
advertisement in Beijing from July 2015 to December 2015. The inclu-
sion and exclusion criterion were the same as Study I. Seven subjects
were excluded because of their bad data quality.

It needs to mention that we combined the AG with the GG genotype
as the risk allele carriers in the final analysis due to the small number of
the GG genotype (for Study I: 4 patients and 14 controls; for Study II: 16
controls). The final sample size included in the analysis was 182 (82
non-risk homozygotes [AA genotype] and 100 risk allele carriers [AG/
GG]) for Study I and 119 (53 non-risk homozygotes and 66 risk allele
carriers) for Study II. Detailed clinical and demographic information
was presented in Tables 1 and 2 for Study I and Il respectively.

2.2. Genotyping

Genomic DNA was extracted using the standard method. The SNP
12007044 was genotyped using Tagman allele-specific assays on the
7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City,
CA,U.S.A.). PCR was performed in a 5 pl reaction volume which included
2.5 ul TagMan™ Genotyping Master Mix, 0.125 ul TagMan® SNP
Genotyping Assays, 0.125 pl TE and 10 ng DNA. The thermal cycling con-
ditions were 50 °C for 2 min, 95 °C for 10 min, 50 cycles of 92 °C for 15 s,
and 60 °C for 1 min. The genotypes were identified using Sequence De-
tection System (SDS) Version 2.4 software (Applied Biosystems). The
sample success rate for this SNP was 100%. The reproducibility of the
genotyping was 100% according to a duplicate analysis of 20% of the
genotypes.

Table 1
Demographic and clinical factors and cognitive performance by rs2007044 genotype
(Study I).

Mean &+ SD For P
AA AG/GG 2

Age Controls  26.71 + 5.44 2749 £+ 591 0.61 0438
Patients  27.88 + 7.48 27.14 £+ 8.89 0.10 0.748

Total 27.05 £ 6.08 27.39 £+ 6.86 0.12 0.726

Gender Controls  46/12 55/16 0.06 0.800
(male/female) Patients 19/5 27)2 223 0.136
Total 65/17 82/18 022 0.642

Education Controls  13.17 £ 3.36 12.71 4+ 2.98 0.68 0411
Patients  13.08 + 2.93 12.72 £ 3.26 0.17 0.678

Total 13.15+3.23 12.72 £3.05 0.86 0.356

Q° Controls 116.59 + 11.32  112.75+ 1055 330 0.072
Patients 104.25 +£ 11.77  107.69 £ 6.71 216 0.148

Total 11298 £ 1270  111.28 £9.83 0.90 0.345

Stroop - Controls 14735 4+ 8442  173.06 + 14492 135 0.248
conflict effect” Patients  202.17 & 112.78  209.19 & 11892 0.10 0.757
Total 163.39 + 96.21 183.54 +£138.28 148 0.226

2-back Controls 0.90 4 0.11 0.86 + 0.17 220 0.141
(accuracy)® Patients  0.66 + 0.24 0.74 + 0.16 133 0254
Total 0.84 + 0.19 0.83 +0.18 0.13 0.721

2-back (RT)" Controls 349.86 + 96.81  366.30 + 116.80 025 0.618
Patients  461.50 4 209.88 387.73 4 186.04 1.30 0.260

Total 37945 4+ 143.51 37245 + 13947 0.21 0.651

PANSS-positive  Patients  22.27 4 6.85 20.77 +£ 741 0.89 0.416
PANSS-negative  Patients 19.73 + 6.80 20.90 + 8.12 0.14 0.873
Medication dose ~ Patients  234.72 4 256.18 275.20 + 174.63 0.21 0.811

(mg/d)?

¢ Chlorpromazine equivalents.

b Use age, gender as covariates.
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Table 2
Demographic factors and cognitive performance by rs2007044 genotype (Study II).
Mean + SD Fory2 P
AA AG/GG
Age 26.40 + 4.70 26.55 + 4.51 0.03 0.861
Gender (male/female) 39/14 54/12 1.17 0.280
Education 1231 £2.71 11.80 + 3.14 0.90 0.346
1Q* 11221 +£1120 110244+ 1191 0.83 0.366
Stroop - conflict effect®  138.78 4+ 72.42  140.74 £ 86.72  0.09 0.762

2 Use age, gender as covariates.

2.3. The N-BACK task (the fMRI study only)

The N-BACK task has been described in our previous studies (Yu
et al., 2016; Zhang et al., 2015, 2016). Briefly, the stimulus was a white
circle presented randomly at one of the four corners of a gray
diamond-shaped square. Subjects made responses according to the cur-
rent location of the white circle (0-back) or the location of the white cir-
cle seen 2 trials earlier (2-back) using a fiber-optic response box with
four buttons that were also arranged in a diamond shape. Subjects
pressed one of the four buttons to match the target stimulus. The task
included two runs. Each run (lasting for 192 s) consisted of 8 blocks,
in which the 2-back condition alternated with the 0-back condition. A
centrally placed fixation cross was presented for 16 s before each set
of 4 blocks of the task. Each block started with a 4 s on-screen instruc-
tion (either the number “0” or “2” on the center of screen indicating
the type of working memory task to be performed). There were 8 trials
in each block. In each trial (lasting for 2 s), the stimuli were presented
for 500 ms, followed by a 1.5 s blank. All subjects received training be-
fore scan until their accuracy showed no more improvement.

2.4. The Stroop task (both the fMRI and fNIRS studies)

The Stroop task had been described in our previous fMRI studies (Yu
et al., 2016; Zhang et al., 2016). Briefly, this task included three words in
Chinese (red, green and blue) that were displayed randomly in one of
the three colors. The task was presented in an event-related design
and was comprised of 120 trials which included 84 congruent trials
(the meaning of the color matched its color) and 36 incongruent trials
(the meaning of the color did not match its color). Each trial began
with a 500 ms fixation cross, followed by the stimulus presented for
1 s and then 2.5 s blank. The subjects were required to press one of
the three keys to indicate the color of ink while ignoring the meaning
of the color word.

2.5. fMRI data acquisition

All imaging data were acquired at the Brain Imaging Center of Beijing
Normal University. Subjects were scanned on a Siemens TIM Trio 3 T
scanner (Siemens, Erlangen, Germany) with their head snugly fixed
with straps and foam pads to restrict head movement. After training
on the task, subjects went into the scanner and were asked to perform
the task while being scanned. Task-related functional images were col-
lected axially using echo-planar imaging (EPI) sequence: repetition
time (TR) = 2000 ms; echo time (TE) = 30 ms; flip angle (FA) = 90°;
field of view (FOV) = 200 x 200 mm?; matrix size = 64 x 64; axial
slices = 31; 4.0 mm slice thickness without gap (i.e. interleaved
scan); voxel size = 3.1 x 3.1 x 4.0 mm’.

2.6. fMRI data preprocessing and data analysis

Data preprocessing was implemented using Statistical Parametric
Mapping software (SPM8, Wellcome Department of Cognitive Neurol-
ogy, London, UK). Preprocessing included slice timing (only for the

Stroop task), realignment (to realign all subsequent images generated
in each run of a certain subject to the first image, any subject with
>3 mm translation or 3° rotation would be excluded), normalization
to Montreal Neurological Institute (MNI) space, resampling to voxel
size of 3 x 3 x 3 mm?>, and spatial smoothing with 8 mm full-width at
half maximum (FWHM) of the Gaussian smoothing kernel. Contrast
image (for Stroop task, incongruent condition vs. the congruent condi-
tion; for N-BACK task, 2 back vs. 0 back) for each subject was produced
in the first-level analysis. In this analysis, a high-pass filter at 128 s was
used to remove noise associated with low-frequency confounds. The
resulting images were then entered the group-level analyses.

For the group-level data analyses, full factorial two-way ANCOVA
was done using SPMS to test the genotype effect, the diagnosis effect,
and the interaction effect of genotype x diagnosis. In this analysis, geno-
type (AA vs. AG/GG) and diagnosis (schizophrenia vs. controls) were
fixed factors and subjects' age, gender, years of education, and IQ were
covariates. The group-level statistic inference was done using the
threshold-free cluster enhancement (TFCE) approach (10,000 random
permutations) (Smith and Nichols, 2009) with thresholding set at P <
0.05 family wise error (FWE) corrected for multiple comparisons. This
correction was performed using the TFCE toolbox for SPM (http://
dbm.neuro.uni-jena.de/tfce). In addition to the correction for multiple
comparisons, we did the followed fNIRS study in an independent sam-
ple. Both together would reduce the chance of false positive results
greatly.

2.7. fNIRS data acquisition

Subjects were seated comfortably in a silent room with dim lighting.
They were instructed to avoid unnecessary body movement such as
neck movement, biting, and so on. The optodes were placed on the sub-
jects' head. A plastic stick was used to push aside the hair between the
optodes and the scalp.

A 58-channel optical topography system (LABNIRS, Shimadzu Cor-
poration, Kyoto, Japan) was used to record the changes of the optical
density. The attenuation of three wavelengths of the light source (780,
805 and 830 nm) were measured with the sampling frequency of
17.5439 Hz. 18 emitter and 17 detector optodes arranged ina 5 x 7 ma-
trix (See Fig. 2A) were placed on the forehead of the subjects. The
emitter-detector distance was 3 cm, which would allow brain measures
about 2-3 cm beneath the scalp (Okada and Delpy, 2003; Toronov et al.,
2001). The detector optode “8” between channels No. 3 and No. 4 was
located at Fpz according to the international 10/20 system used for elec-
troencephalography and the midline of the matrix paralleled to the me-
dial line. The locations of all the optodes, channels and several
landmarks (Cz, Nz, Iz, and left and right pre-auricular points) were re-
corded using a three-dimension position measuring system (FASTRAC;
Polhemus, Colchester, VT, USA). The location information was then reg-
istered to Montreal Neurological Institute (MNI) brain coordinates
using near-infrared spectroscopy (NIRS)-statistical parametric mapping
(NIRS_SPM) (Jang et al., 2009; Tak et al.,, 2010; Tak et al., 2011; Ye et al.,
2009).

2.8. fNIRS data preprocessing and data analysis

The preprocessing step was done using NIRS_SPM version 3.2. We
first converted our raw data of the optical density changes to the con-
centration changes of oxyhemoglobin (oxy-Hb) and deoxyhemoglobin
(deoxy-Hb) based on the modified Beer-Lambert-Law (Cope et al.,
1988). For both oxy-Hb and deoxy-Hb, DCT-based detrending with
cut-off of 128 s was used to remove some low frequency confounders
such as probe excursion. Hemodynamic response function (hrf)
smoothing was used to remove high frequency confounders such as
heart rate. The precoloring method was used to remove the temporal
correlation from our fNIRS data (Heilbronner and Munte, 2013;
Worsley and Friston, 1995). A general linear model (GLM) was used to
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model the hemodynamic response for each trial with our observed data,
design matrix of two conditions (i.e. congruent condition and incongru-
ent condition) and the error term convolved in. As a result, betas of the
congruent condition (con-B) and the incongruent condition (incon-{3)
were calculated automatically for each channel of each subject. After-
wards, contrast betas of incon-3 minus con-$ were calculated manually
for each subject and used in group-level data analysis.

Data analyses at group-level were done using SPSS 20.0. Based on
the result of our Study I that found main effect of genotype within the
left IFG (as shown in Figs. 1A and. 2B), we conducted a ROI analysis.
Six channels (20, 27, 33, 34, 40 and 46) surrounding the significant clus-
ter that was found in Study [ were selected (See Fig. 2A and B). Oxy-Hb
and deoxy-Hb were analyzed separately. A two-way repeated-
measures ANCOVA was used to explore the genotype effect, the channel
effect and the interaction effect of genotype x channel. In this analysis,
channel (20, 27, 33, 34, 40 and 46) was entered as within-subject factor,
genotype (AA vs. AG/GG) was entered as between-subject factor, and
subjects' age, gender, years of education, and IQ were entered as covar-
iates. Significant genotype main effect or interaction effect of genotype
x channel was followed up with simple effect analysis of genotype in
each channel respectively. In this simple effect analysis, age, gender,
years of education and IQ were also used as covariates.

3. Results
3.1. Study I: The fMRI study

No deviation from Hardy-Weinberg Equilibrium (HWE) was found
in patients, controls, or the total sample. The two genotype groups
were comparable on demographic factors, clinical factors and cognitive
task performance. (All P-values > 0.05) (See Table 1).

During the Stroop task, our whole brain analysis found significant
main effect of genotype at the left IFG (cluster size = 390 voxels, P < 0.05
TFCE-FWE corrected; peak MNI coordinates: x = —57,y = —6,z = 30)
(See Fig. 1A). Comparing with the non-risk homozygous (AA), the risk allele
carriers (AG/GG) showed decreased activation at this region (See Fig. 1B).
Within the same region, we also observed significant main effect of
diagnosis (See Fig. S1). Being consistent with previous findings (Dehaene
et al., 2003; Krabbendam et al., 2009; Taylor et al., 1997), patients showed
reduced activation than healthy controls in many regions, including the left
IFG. No significant interaction effect of genotype x diagnosis was found
across the whole brain.

By contrast, no significant genotype effect or genotype x diagnosis
effect was found for the N-BACK fMRI data. So, the subsequent fNIRS

Z. Zhang et al. / Schizophrenia Research 204 (2019) 193-200

study only did analyses on the Stroop task however not on the N-
BACK task.

3.2. Study II: The fNIRS study

The Stroop task performance and all other demographic factors were
comparable between the two genotype groups. (All P-values > 0.05)
(See Table 2).

We did our fNIRS analysis on the oxy-Hb and deoxy-Hb separately
within the 6 channels (20, 27, 33, 34, 40 and 46) as shown in Fig. 2A
and B. In our repeated-measures ANCOVA on the oxy-Hb data, we
found significant main effect of genotype (F = 5.072, P = 0.026). This
effect was mainly driven by the channel 27 (F = 2.263, P = 0.026)
and the channel 40 (F = 2.365, P = 0.020) according to the simple effect
analysis at each channel. Being consistent with our finding in Study I,
the risk allele carriers also showed significantly reduced activation at
both channels (See Fig. 2C). All other channels (20, 33, 34 and 46)
showed similar pattern however the results didn't reach the significant
level. As for our analysis on the deoxy-Hb data, although we couldn't
find significant main effect of genotype, we found significant interaction
effect of genotype x channel (F = 2.841, P = 0.015). The followed anal-
ysis at each channel again found significant genotype effect at the chan-
nel 40 (F = 10.078, P = 0.002) (See Fig. 2 D) with the risk allele carriers
showed reduced activation.

4. Discussion

In Study I (fMRI), we did an exploratory study and found a signifi-
cant association between the risk allele (G) of CACNA1C polymorphism
(rs2007044) and reduced activation of the left IFG during the Stroop
task. This result was replicated in Study II (fNIRS) with an independent
sample.

The Stroop task is recommended by Measurement and Treatment
Research to Improve Cognition in Schizophrenia (MATRICS) as a mea-
sure of executive control in schizophrenia (Barch et al., 2009; Carter
et al,, 2012; Nuechterlein et al., 2008). Using the Stroop task, previous
studies have consistently reported that schizophrenia patients are im-
paired at this task (Hepp et al,, 1996; Hu et al., 2015; Perlstein et al.,
1998; Westerhausen et al., 2011). fMRI studies (including the current
one) have further suggested reduced activation of IFG in schizophrenia
patients during the Stroop task (Dehaene et al., 2003; Krabbendam
et al., 2009; Taylor et al., 1997). Consistently, this region is thinner
(Knochel et al., 2016; Kuperberg et al., 2003; Oertel-Knochel et al.,
2013) and shows reduced gray matter density/volume (Bhojraj et al.,
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Fig. 1. Genotype effect on activation at the left inferior gyrus (MNI coordinates: x = —57,y = —6, z = 30) during the Stroop task (Study I). The risk allele carriers showed decreased

activation at this region.
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Fig. 2. ROI analysis on the fNIRS data (Study II). Panel A showed the distribution of the optodes and channels: emitter optodes (red circles), detector optodes (blue circles), recording
channels (black rectangles), and recording channels that were involved in our ROI analysis (green rectangles). Panel B showed the significant cluster within the left IFG (the same as
Fig. 1A) and its position in relation to the fNIRS recording channels. ROI analysis focused on channels 20, 27, 33, 34, 40, and 46 (green rectangles). Panel C showed the contrast Beta of
each genotype and each channel in the oxy-Hb analysis. Significant genotype effects were found at channels 27 and 40. Panel D showed the contrast Beta of each genotype and each
channel in the deoxy-Hb analysis. Significant genotype effect was again found at the channel 40.

2011; Bora et al,, 2011; Chan et al., 2011; Harms et al.,, 2010) in schizo-
phrenia patients than in healthy controls. The above morphological
changes were also found to be associated with impaired executive func-
tion (Ehrlich et al.,, 2012; Guo et al., 2014; Hartberg et al., 2010; Knochel
et al., 2016; Oertel-Knochel et al., 2013). Taken together, these results
suggest that [FG may contribute to executive control impairment in
schizophrenia.

Little is known about neural correlates of CACNA1C rs2007044. As
far as we know, only two studies explored the neural correlates of
rs2007044. One study found that rs2007044 was associated with
poor performance on working memory task however showed no sig-
nificant association with regional brain activation during performance
of a working memory task (Cosgrove et al.,, 2017). Our negative result
on the N-BACK task was consistent with it. The other study tested the
association between rs2007044 and cortical surface area and thickness
across the whole brain however found no significant results (Zheng
et al,, 2016). It needs to be mentioned that the same study also failed
to find any significant differences in surface area and thickness be-
tween patients and controls (Zheng et al., 2016). Due to the lack of
studies on rs2007044, we have to refer to studies on rs1006737 in
Europe sample because the latter is in complete linkage disequilibrium
with rs2007044 in Caucasians (the risk G allele of rs2007044 was
linked to the risk A allele of rs1006737). Two imaging studies have
been conducted with rs1006737. One fMRI study (using the Attention
Network Task) found reduced activation at the medial frontal gyrus
(MFG) in risk allele carriers (Thimm et al., 2011). MFG has direct
fiber and functional connection with IFG (Ford et al, 2010;
Sundermann and Pfleiderer, 2012), with the former responsible for
conflict detection and the latter for conflict resolution according to
the conflict monitoring model (Botvinick et al., 1999; Carter et al.,
1998; Garavan et al.,, 2003; Ullsperger and von Cramon, 2001). The
other study was a morphological study showing altered gray matter
volume at prefrontal cortex (including IFG) in risk allele carrying
healthy controls (Wang et al,, 2011).

In terms of neurobiology, the CACNAIC gene encodes the Ca, 1.2
voltage-dependent L-type calcium channel which is located at cell bod-
ies, dendritic spines and shafts and thus can play a critical role in post-
synaptic signaling processing (Di Biase et al., 2011; Hall et al., 2013;
Hell et al., 1993). Briefly, Ca®* influx via Ca, 1.2 channel can drive
local CaMKII aggregation and trigger activity-dependent gene expres-
sion (Ma et al., 2013; Striessnig et al., 2014; Wheeler et al., 2012). Al-
though not specifically about rs2007044, previous studies have
suggested that single nucleotide polymorphisms can alter CACNA1C
gene expression (Gershon et al., 2014) and result in altered neural activ-
ity (Yoshimizu et al., 2015). Our results seem to suggest that rs2007044
may contribute to cognitive functions such as executive function
through altered CACNA1C gene expression. Considering the significant
correlations between the executive function impairments and schizo-
phrenia symptoms such as disorganization (Henik and Salo, 2004) and
auditory hallucinations (Badcock and Hugdahl, 2014), it is possible
that rs2007044 could further contribute to schizophrenia.

The significant genotype effect we found in both fMRI study and
fNIRS study was at the left IFG. As suggested by Derrfuss et al.'s studies
of the Stroop task (Derrfuss et al., 2005; Derrfuss et al., 2012), the left
IFG was activated more frequently than the right IFG. A focal prefrontal
damage study also found that the left IFG was significantly related to in-
creased Stroop effect (Tsuchida and Fellows, 2013). The left [FG's role in
the Stroop task seems to be related to semantic selection (Kubicki et al.,
2003; Thompson-Schill et al.,, 1998) and verbal conflict resolution
(Jonides and Nee, 2006; Jonides et al., 1998; Leung et al., 2000). The im-
portance of verbal processing in the above discussion may also explain
why our N-BACK task (a spatial task) did not reveal significant results.

Moreover, our genotype effect in the left IFG was mainly in the pos-
terior part. Muhle-Karbe et al. (2016) isolated the left inferior frontal
junction area (at the posterior end of the inferior frontal sulcus) because
of this region's specific functions such as selection of task-relevant infor-
mation. For example, transcranial magnetic stimulation (TMS) adminis-
tered to the left frontal operculum (posterior part of the IFG) diminished
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top-down selective attention (separating relevant information from ir-
relevant information) (Higo et al., 2011). Similarly, during the Go/
NoGo task (a task shares in common with Stroop task that also requires
overriding the more automatic however task-inappropriate responses),
the NoGo dominant activity was also found at the posterior part of the
left inferior frontal sulcus (Konishi et al., 1999). Besides, patients with
damage at the left posterior IFG were reported have difficulty when
completing the Go/NoGo task (Swick et al., 2008). Finally, we could
not find any genotype effect or genotype x diagnosis interaction effect
for the N-BACK task, which was consistent with Cosgrove et al.
(2017). In addition to the reason we discussed above, it needs to men-
tion that previous functional imaging results of CACNA1C gene polymor-
phism rs1006737 and working memory were mixed. Risk allele carriers
were found to show increased activation at the PFC in two studies
(Bigos et al., 2010; Krug et al., 2010) but decreased activation at the
PFC in a third study (Paulus et al., 2014). It seems that more research
is needed to clarify these mixed findings.

In conclusion, using both fMRI data and fNIRS data, this study consis-
tently showed that the risk allele of CACNA1C gene polymorphism at
rs2007044 was associated with significantly reduced activation of the
left IFG. The current neuroimaging genetics study supported a role of
CACNAI1C gene in the etiology of schizophrenia and determined the
neuro-mechanism of CACNA1C variant such as rs2007044, which will
be helpful for the future translation into clinical application such as of-
fering new treatment targets.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.schres.2018.09.007.
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