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Genetic variation in CACNA1C, which encodes the alpha-1 
subunit of Cav1.2 L-type voltage-gated calcium channels 
(VGCCs), has been strongly linked to risk for psychiatric 
disorders including schizophrenia and bipolar disorder. 
How genetic variation in CACNA1C contributes to risk 
for these disorders is however not fully known. Both schiz-
ophrenia and bipolar disorder are associated with impair-
ments in reversal learning (RL), which may contribute to 
symptoms seen in these conditions. We used a translational 
RL paradigm to investigate whether genetic variation in 
CACNA1C affects RL in both humans and transgenic rats. 
Associated changes in gene expression were explored using 
in situ hybridization and quantitative PCR in rats and the 
BRAINEAC online human database. Risk-associated ge-
netic variation in CACNA1C in healthy human partici-
pants was associated with impairments in RL. Consistent 
with this �nding, rats bearing a heterozygous deletion of 
Cacna1c were impaired in an analogous touchscreen RL 
task. We investigated the possible molecular mechanism 
underlying this impairment and found that Cacna1c +/� 
rats show decreased expression of Bdnf in prefrontal cortex. 
Examination of BRAINEAC data showed that human risk-
associated genetic variation in CACNA1C is also associ-
ated with altered expression of brain-derived neurotrophic 
factor (BDNF) in the prefrontal cortex in humans. These 
results indicate that genetic variation in CACNA1C may 
contribute to risk for schizophrenia and bipolar disorder by 
impacting behavioral �exibility, potentially through altered 
regulation of BDNF expression in the prefrontal cortex. 
Tests of RL may be useful for translational studies and in 
the development of therapies targeting VGCCs.
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Introduction

Genetic variation in CACNA1C, which encodes the 
alpha-1 subunit of Cav1.2 L-type voltage-gated calcium 
channels (VGCCs), has been strongly linked to risk for 
psychiatric disorders including schizophrenia and bi-
polar disorder.1,2 The association between common ge-
netic variation in intron 3 of the CACNA1C gene and 
schizophrenia and bipolar disorder has been con�rmed 
by multiple studies across different populations.1,3�7 
Risk mediated through common variants in CACNA1C 
has also been found to be shared across disorders, with 
Smoller et�al2 �nding similar associations with attention 
de�cit hyperactivity disorder (ADHD), autism spectrum 
disorder, bipolar disorder, major depressive disorder, 
and schizophrenia. Expression studies in cell lines and 
postmortem tissue have suggested that the intron 3 risk 
variants may act to decrease expression of CACNA1C, 
although the exact direction of effect has varied between 
studies and tissue types.8�12 Rare deleterious mutations in 
VGCCs have also been found to be associated with risk 
for schizophrenia.13 Notably, this enrichment was prima-
rily driven by pore-forming alpha-1 subunits and alpha-2-
delta auxiliary subunits of VGCCs, including deleterious 
mutation loss of function variants in CACNA1C.13

The robust association of CACNA1C with multiple psy-
chiatric disorders has led to the investigation of potential 
endophenotypes and downstream biological mechanisms 
that may link genetic risk to disease-relevant behavior. 
Previous studies have identi�ed a link between risk-
associated variation in CACNA1C and a range of tasks 
requiring cognitive and behavioral �exibility. Speci�cally, 
genetic variation in CACNA1C and related VGCCs has 
been strongly associated with working memory perfor-
mance as assessed by the N-back test, which is known to 
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depend on prefrontal cortex (PFC) function.14�16 Genetic 
variation in CACNA1C has similarly been shown to affect 
logical memory in patients17 and verbal working memory 
in healthy controls.18 CACNA1C genotype has also been 
found to affect reward learning.19,20 Genetic imaging 
studies have been conducted to identify neural circuits af-
fected by genetic variation in CACNA1C and have shown 
altered activation of fronto-limbic brain circuitry in risk 
allele carriers.12,15,19,21

Reversal learning (RL) tasks represent a powerful 
method for investigating cognitive �exibility with con-
siderable potential for cross-species translational stud-
ies.22 RL involves the inhibition of  a previously learnt 
association between a stimulus and reward and the ac-
quisition of  a new opposite contingency or rule. It is a 
necessary form of  behavioral �exibility that allows new 
experience to in�uence behavior.23 De�cits in this form 
of  learning can lead to inappropriate perseverative be-
havior that is not supported by, or bene�cial in, the cur-
rent environment. Impairments in RL have been reliably 
observed in patients with a range of  psychiatric condi-
tions including schizophrenia and bipolar disorder.24�29 
Furthermore, de�cits in RL have also been observed 
in �rst-episode psychosis patients30 and in the context 
of  high polygenic risk for schizophrenia,31 suggesting 
that RL de�cits may re�ect a causal mechanism linking 
common genetic schizophrenia risk to symptomology. 
Homologous fronto-limbic networks have been found 
to be involved in RL in both rodents and humans,22,23,32 
and the development of  a touchscreen-based RL para-
digm for rodents makes the task highly translatable.33,34

At a molecular level, the neurotrophin brain-derived 
neurotrophic factor (BDNF) has been shown to play 
a critical role in PFC during RL.35,36 Mice lacking the 
main activity-regulated form of  Bdnf show impaired 
plasticity in the PFC and behavioral deficits in RL 
tasks.35,36 Furthermore, manipulations in animal mod-
els that decrease prefrontal Bdnf, including maternal 
separation, have been shown to result in impairments 
in RL.37,38 VGCCs, including CACNA1C, have been 
shown to be central to the activity-dependent regula-
tion of  BDNF, suggesting the possibility that genetic 
variation in CACNA1C may affect cognitive flexi-
bility in part through altering Bdnf expression in the 
PFC.39�43

On the basis of these �ndings, we sought to investigate 
the effect on RL of CACNA1C risk variants in humans 
and altered Cacna1c dosage in rats. We additionally 
assessed the impact of genetic variation in CACNA1C on 
prefrontal BDNF levels in both humans and rats. By con-
ducting these behavioral, genetic, and molecular studies 
in parallel, we aimed to increase con�dence in our �nd-
ings and develop translational models for the future de-
velopment of novel therapies for psychiatric disorders 
targeting VGCCs.

Methods and Materials

Human Participants
One hundred right-handed Caucasian healthy partici-
pants (aged 19�47�years) derived from the local commu-
nity took part in the study. Ethical approval was given by 
the ethics committee of the School of Psychology, Cardiff  
University, and informed consent was obtained from each 
participant prior to the study. Participants had no history 
of psychiatric illness (themselves or �rst-degree relative) 
and did not report taking any psychotropic medication 
or illegal substances. All participants were right-handed, 
university graduates (with 17+ years� education). A�total 
of 84 participants (mean age 23.95�–�3.64 SD, 49 women) 
were used for analysis, after exclusion for quality control 
of genetic data (N�=�10) or incomplete/missing behavioral 
data (N�=�6). The data used in this study have previously 
been used to observe associations between genome-wide 
polygenic risk for schizophrenia and RL behavior.31

Probabilistic RL Behavioral Task
Participants were asked to make a choice between a blue 
and a green stimulus presented simultaneously (�gure�1). 
A�correct response was followed by a white �smiley� face 

Fig.�1. Reversal learning paradigm. Participants were presented 
with a choice between blue or green squares. Correct choices were 
rewarded with monetary winning and incorrect responses with 
a �ne. One or two probabilistic error trials were included within 
each session block in which the �correct� response was punished.
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