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Highlights:

e All thickness measurements of prefrontal cortex were significantly reduced in
patients with first-episode mania compared with healthy controls.

« Asignificant interaction between the presence of CACNB2 rs11013860 risk A allele
and diagnosis (patients vs healthy controls) on right superior frontal cortical
thickness was detected.

e Patients carrying rs11013860 risk A-allele had thinner superior frontal thickness
compared to patients carrying rs11013860 CC-allele.
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Abstract

Background: The B2 subunit of the voltage-gated L-type calcium channel gene(CACNB2)
rs11013860 polymorphism is a putative genetic susceptibility marker for bipolar disorder
(BD). However, the neural effects of CACNB2 rs11013860 in BD are largely unknown.
Methods: Forty-six bipolar patients with first-episode mania and eighty-three healthy
controls (HC) were genotyped for CACNB2 rs11013860 and were scanned with a 3.0 Tesla
structural magnetic resonance imaging system to measure cortical thickness of prefrontal
cortex (PFC) components (superior frontal cortex, orbitofrontal cortex, middle and inferior
frontal gyri). Results: Cortical thickness was thinner in patients on all PFC measurements
compared to HC (p < 0.050). Moreover, we found a significant interaction between
CACNB?2 genotype and diagnosis for the right superior frontal cortical thickness (F = 8.190,
p = 0.040). Bonferroni corrected post-hoc tests revealed that, in CACNB2 A-allele carriers,
patients displayed thinner superior frontal thickness compared to HC (p < 0.001). In
patients, CACNB2 A-allele carriers also exhibited reduced superior frontal thickness
compared to CACNB2 CC-allele carriers (p = 0.016). Limitations: Lithium treatment may
influence our results, and the sample size in our study is relatively small. Conclusions: Our
results suggest that the CACNB2 rs11013860 might impact PFC thickness in patients with
first-episode mania. These findings provide evidence to support CACNB2 rs11013860
involvement in the emotion-processing neural circuitry abnormality in the early stage of BD,
which will ultimately contribute to revealing the link between the variation in calcium
channel genes and the neuropathological mechanism of BD.

Key words: bipolar disorder; first episode; CACNB2; rs11013860; prefrontal cortex;
imaging
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Introduction

The heritability of BD was up to 85% based on previous research (McGuffin et al., 2003).
Though the genetic foundations of BD are not yet clear, various studies have highlighted
that aberrant variants in genes coding for calcium channel were the important genetic
susceptibility markers for BD (2011; Ferreira et al., 2008; Muhleisen et al., 2014; Sklar et
al., 2008; Stahl et al., 2019; Starnawska et al., 2016). For instance, rs1006737 and
rs4765913 in CACNALC showed a significant association with BD in several large
genome-wide association studies (2011; Ferreira et al., 2008; Muhleisen et al., 2014; Sklar
et al., 2008). Suggestive associations in other genes coding calcium channels have also
been identified (2011; Nurnberger et al., 2014a). Specifically, rs11013860
(NC_000010.11:9.18365098A>C) in CACNB2, located on the intronic region of
CACNB2,has been reported as associated with BD more than once (Jan et al., 2014; Lee
et al., 2011).

Emerging evidence has revealed that neuroimaging acts as an intermediate phenotype
that could link the genetic effect to symptoms of mental diseases (Hashimoto et al., 2015;
Rasetti and Weinberger, 2011). Thus, a growing number of researchers tried to study the
relationships between BD genetic risk variations and neuroimaging abnormalities, aimed
at uncovering the pathophysiological role of risk variations in BD (Hashimoto et al., 2015;
Pereira et al., 2017b). Interestingly, among BD patients, the positive findings about the
impact of coding calcium channel genes on the brain seem more consistent in the
prefrontal cortex (PFC). Under the same experimental paradigm, two studies found a
hyperactivation on the ventrolateral PFC in BD patients with CACNALC risk allele A (Dima
et al., 2013; Jogia et al., 2011). BD patients also revealed differed expression of the
CACNALC gene in the PFC compared to HC (Nurnberger et al., 2014b). Another study
demonstrated that BD patients with the CACNB2 rs11013860 AA/CA genotype exhibited
decreased resting-state functional connectivity between the PFC subregion and the
hippocampus compared to patients carrying the CC-allele (Liu et al., 2019). The PFC is a
key component of emotion-processing neural circuitry, which plays a pivotal role in mood
modulation (Drevets, 2000; Phillips et al., 2003; Zink et al., 2010). Abnormalities of this
area were linked to those suffering from BD (Almeida et al., 2009; Ghosh et al., 2017;
Herold et al., 2017; Kafantaris et al., 2009; Konopaske et al., 2014). Even among the BD
patients who were not receiving lithium treatment, BD patients showed significantly thinner
cortical thickness in the bilateral PFC than HC (Folandross et al., 2011).

So far, no studies have investigated the influence of the CACNB2 rs11013860 on PFC
morphology in BD. CACNB2 encodes the 2 subunit of the voltage-gated L-type calcium
channel (Cavf2), which may modulate the L-type calcium channel activity (Buraei and
Yang, 2013). This modulation may lead to a change in synaptic function, which may play a
vital role underlying the neuropathogenesis of BD (Fdcking et al., 2016; Kim et al., 2010).

Manic episodes have been reported to be associated with morphological changes in PFC
(Abe et al., 2015). However, none of the genetic-neuroimaging studies involving genes
coding calcium channel were carried out with the patients with first-episode mania, as well
as most of the other genetic-neuroimaging studies (Cao et al., 2016a; Pereira et al., 2017a;
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Zeni et al., 2016). So the findings from previous genetic-neuroimaging studies cannot
eliminate the effect of the multiple manic episodes on brain morphology.

In this study, we use structural brain MRI to investigate the influence of the CACNB2
rs11013860 on the morphological structure of the PFC, such as the PFC thickness, in BD
patients with first-episode mania and HC. We hypothesized that the CACNB2 rs11013860
could affect PFC thickness in BD patients with first-episode mania, and the thinner PFC
thickness would be observed in the BD patients carrying risk allele A.

Materials and methods

Study participants

We received the approval of our study from the Institutional Review Boards at Guangzhou
HuiAi Hospital (Affiliated Brain Hospital of Guangzhou Medical University) and written
informed consent was provided to each participant in advance. BD Patients who were
presenting their first manic episode were recruited through two centers, the outpatient
mood disorders clinic and the inpatient department, in the Affiliated Brain Hospital of
Guangzhou Medical University (Guangzhou HuiAi Hospital), China. HC were recruited by
advertisement in local wall newspapers. All potential participants were evaluated by the
Structured Clinical Interview for DSM-IV (SCID) to confirm the first-episode mania in BD
patient group and the absence of any lifetime or current Axis | psychiatric diagnosis in the
HC group. Exclusion criteria for both groups included severe neurological or distinct
somatic illnesses currently, a history of trauma with loss of consciousness caused by brain
injury, any MRI contraindications, or left-handedness. Healthy volunteers were excluded if
they had past or current psychiatric diseases (including substance abuse), used any
psychiatric medication currently, or had a familial history of psychiatric illnesses. BD
patients who had any other axis | psychiatric conditions were also excluded. Additionally,
we obtained information including gender, age, years of education, Body Mass Index (BMI),
clinical subtypes, age of onset, Hamilton Rating Scale for Depression (HAM-D), Young
Mania Rating Scale (YMRS), duration of illness and medication use from BD patients. We
enrolled 153 BD patients and 83 HC during 2012-2017, and then selected a total of 46 first-
episode mania patients and 83 HC for the current study.

Genotyping

DNA samples were extracted from blood cells with the phenol-chloroform method, the
MassARRAY Assay (Sequenom, USA) was carried out to genotype for CACNB2
rs11013860. Sequenom TYPER version 4.0 software was used to get the genotyping
results of rs11013860. The minor allele of rs11013860 is A allele. As A allele of rs11013860
in CACNB2 confers risk of developing BD, participants were divided into two groups by
genotype: A-allele carriers (participants with AA or AC genotype) and CC carriers
(participants with CC genotype).

MRI acquisition and Image processing

MRI scans were performed within three days of clinical assessment. Structural MRI data
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were acquired on a 3.0 Tesla MRI system (Achieva X-series, Philips Medical Systems,
Best, Netherlands) in the department of radiology at Guangzhou HuiAi Hospital (Affiliated
Brain Hospital of Guangzhou Medical University). High-resolution T1-weighted images
were collected with a sagittal T1-weighted 3D turbo field echo (T1W 3D TFE) sequence
(field of view 256x256mm?; repetition time 8.2 ms; echo time 3.8 ms; view matrix 256x256;
slice thickness 1 mm).

The FreeSurfer software v. 6.0 was used to performed a series of procedures including
intensity normalization, motion correction, automatic segmentation and automated
topology corrections of cortical regions, subcortical grey and white matter volumetric
structures, white matter/cerebrospinal fluid (CSF) boundary and triangular tessellation of
the grey and white matter interface, as documented previously (Desikan et al., 2006; Fischl,
2012; Fischl and Dale, 2000). For each participant, per hemisphere, we extracted PFC
thickness measures as following: medial and lateral orbitofrontal cortex, rostral and caudal
middle frontal cortex, superior frontal cortex, pars triangularis, pars orbitalis and pars
opercularis (Lavagnino et al., 2016). Inferior frontal gyrus thickness was derived by
averaging the cortical thickness value for pars triangularis, pars opercularis and pars
orbitalis. Orbitofrontal cortex thickness was obtained by averaging medial and lateral
orbitofrontal cortex thickness value. Using this approach, we merged rostral and caudal
middle-frontal thickness values to derive middle-frontal gyrus thickness.

Statistical analyses

Statistical analyses were conducted using IBM SPSS statistics (Version 22.0).
Demographic and clinical differences between groups were calculated with Analysis of
Variance (ANOVA) and chi-square. A general linear model (GLM) was performed with
bilateral cortical thickness measurements of PFC regions (superior frontal cortex,
orbitofrontal cortex, middle and inferior frontal gyri) as dependent variables, and diagnosis
(BD vs HC) and genotype (A-allele carriers vs CC-allele carriers) as two between-subjects
factors. Age and gender included as covariates. The threshold of statistical significance
was set at P < 0.05 and Bonferroni correction was applied to all post-hoc multiple
comparison results.

Results
Demographic characteristics

Study participants included 46 BD patients with first-episode mania and 83 HC subjects.
For demographic characteristics, as displayed in Table 1, there were no significant
differences in gender or age between BD and HC groups. BD patients had significantly
fewer years of education than HC (p < 0.05). Distributions of CACNB2 genotypes
conformed Hardy-Weinberg predictions for both BD patients and HC (both p > 0.05). There
were no significant differences in CACNB2 allele and genotype distributions between BD
patients and HC (x*=0.170, df = 1, p = 0.680 and x* = 0.800, df = 2, p = 0.670, respectively).
The minor allele of rs11013860 is A allele, with a frequency of 0.42 in patients group and
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0.40 in HC group.

PFC thickness

The BD group results revealed smaller cortex thickness vs. HC on all PFC thickness
measurements (p < 0.050) (see mean and SD values in Table 2). There was a significant
interaction between diagnosis and CACNB2 genotype for right superior frontal thickness
(F = 8.190, 0.040) (Fig.1) (Table 3). Post-hoc tests revealed that within A carriers, BD
patients displayed reduced superior frontal thickness compared to HC (p < 0.001). Within
BD patients, CACNB2 A-allele carriers showed reduced superior frontal thickness
compared to CACNB2 CC-allele carriers (p = 0.016).

Discussion

This is the first report of an association between the CACNB2 rs11013860 and PFC
thickness in BD patients with first-episode mania. We report two main findings: (1) BD
patients displayed thinner cortex thickness on all measurements of PFC compared to HC.
(2) A significant interaction between CACNB2 genotype and diagnosis was observed for
right superior frontal thickness. In A-allele carriers, BD patients displayed lower superior
frontal thickness compared to HC. Within BD patients, CACNB2 A-allele carriers superior
frontal thickness was reduced in comparison to CACNB2 CC-allele carriers.

These observations of PFC thickness abnormalities in patients with BD are strongly in line
with findings from previous studies (Abe et al., 2015; Folandross et al., 2011). Disease-
related grey matter loss in PFC regions has been observed frequently in BD. For example,
significantly smaller cortical thickness was observed for left and right PFC in BD type | (BD-
I) patients compared to HC (Folandross et al., 2011). A longitudinal study that followed
patients with BD-I for 6 years also reported significantly decreased dorsolateral PFC
volume in the mania group, but no difference in the no-mania group (Abe et al., 2015) and
other abnormalities of this area have been detected in BD (Almeida et al., 2009; Ghosh et
al., 2017; Herold et al., 2017; Kafantaris et al., 2009; Konopaske et al., 2014). Besides,
patients with other mental disorders like schizophrenia also exhibited reduced PFC cortical
thicknesses (Asmal et al., 2018). Taken together, these results suggest PFC brain
thickness ‘abnormalities may be a neuroimaging biomarker of mental disorders.

It is also worth mentioning that the minor allele (allele A) frequency of rs11013860 in
patients group (0.42) is higher than in HC group (0.40). But the group difference of minor
allele frequency of rs11013860 did not reach the statistically significant difference. And the
AA allele, AC allele, CC allele frequencies of rs11013860 in our study (0.24, 0.37, 0.39 in
patients vs. 0.18, 0.43, 0.39 in HC) is different than the results from another study with the
same ethnic samples (Lee et al., 2011). This inconsistent result may due to our
relatively small sample size.

In our study, a significant interaction between rs11013860 genotypes and diagnoses was
observed on right superior frontal thickness. Decreased superior frontal thickness was
observed within A-allele carriers with BD compared to HC. In BD patients, A-allele carriers
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also showed reduced superior frontal thickness compared to CC-allele carriers. Previous
brain morphology research in BD has not focused on rs11013860 and our study is the first
to report the impact of the CACNB2 rs11013860 risk allele A on PFC thickness. In this
context recent work indicates that BD patients expressing the A-allele of rs11013860
displayed impaired prefrontal-hippocampal cortical connectivity compared to BD patients
with the CC-allele (Liu et al., 2019). That finding, together with the present results, suggests
that the CACNB2 rs11013860 risk allele A might have an impact on both PFC structure
and function related to expression of BD. Though the sample in our study are not the first
episode patients, they are thought to be in the early stage of BD (Kauer-Sant'Anna et al.,
2009). Thus our results with first-episode mania patients indicate the possibility that
CACNB2 rs11013860 may affect PFC structure in the early stages of BD.

The mechanism by which the CACNB2 rs11013860 A-allele may influence brain
morphology in BD remains to be elucidated. Based on current knowledge we offer the
following possible explanation. CACNB2 encodes the 2 subunit of the voltage-gated L-
type calcium channel, belonging to the Cavf-subunits family, which is capable of impacting
L-type calcium channel activity (Cens et al., 1996; Jangsangthong et al., 2010). Even a
small alteration within the structure of the CavB-subunit could modify L-type calcium
channel function, which plays a key role in neural plasticity by controlling the influx of
calcium into neurons and calcium-dependent processes (Clapham, 2007). As CACNB2
could express within brain (Volsen et al., 1997), and particularly within the PFC (Arion et
al., 2007), the risk allele A of rs11013860 in CACNB2 may be associated with disruption of
L-type calcium channel function, which may in turn lead to abnormal neural plasticity, and
may result in morphological changes in the PFC ultimately. This proposal fits with our
current results, suggests that rs11013860 in CACNB2 may impact PFC development in the
early stages of the BD. BD patients with risk allele A showed significantly thinner PFC
thickness compared to BD patients with CC-allele A, as well as HC with risk allele A.

Our study has several limitations worth noting. First, cycles of depression may influence
the structure and function of hippocampus (Sheline, 2011), but previous studies found that
reduction on brain volumetric measurements, such as hippocampus, were more consistent
in BD-I patients than patients with other BD subtypes and MDD(Cao et al., 2017; Cao et
al., 2016b; Hibar et al., 2016). And it remains unclear whether depressive episodes are
associated with changes of PFC in BD. In addition, we found no differences in episodes of
depression across rs11013860 genotypes in our patient group, so, in view of our allele-
specific interaction, it seems unlikely that our results can be explained in relation to prior
experience of depressive episodes. Second, cortical thickness in BD patients has been
associated with exposure to lithium treatment (Hibar et al., 2018). As we found no
significant differences in the number of the subjects who used lithium between rs11013860
genotypes in the BD group, our findings are not likely attributable to effects of lithium. Third,
BD patients in our study showed a lower level of education compared to HC,
however our results were still significant after adjusting the education, which suggested
that our results were not affected by the education. Fourth, due to the relatively small
sample size in our study, and the novelty of the current findings, these results should be
replicated in additional larger samples of BD patients with first-episode mania and
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compared to HC.

In summary, this is the first study to investigate the impact of CACNB2 rs11013860 on the
prefrontal anatomy in subjects with first-episode mania and HC. Our results suggested that,
possibly through disruption of L-type calcium channel function, the CACNB2 rs11013860
may play an important role in the morphologic changes of PFC thickness in patients with
first-episode mania. These findings provide evidence to support CACNB2 rs11013860
involving in the morphologic changes in emotion-processing neural circuitry in the early
stage of BD, which will ultimately contribute to revealing the link between the variation in
calcium channel genes and the neuropathological mechanism of BD.

Declaration of Competing Interest
None

Role of funding sources

This research was supported in part by the National Key R&D Program of China [grant
number 2016YFC1306804]; the National Natural Science Foundation of China [grant
number 81771466]; the Natural Science Foundation of Guangdong Province, China [grant
number 2018A030313283]; Guangzhou Municipal Key Discipline in Medicine [2017-2019];
Guangzhou Municipal Psychiatric Disease Clinical Transformation Laboratory, Guangzhou,
China [grant number 201805010009]; Key Laboratory for Innovation Platform Plan,
Science, and Technology Program of Guangzhou, China; Science and Technology
Planning Project of Guangdong Province of China [No. 20172C0419], Guangzhou
Municipal Psychiatric Disease Clinical Transformation Laboratory (No: 201805010009),
Key Laboratory for Innovation platform Plan, Science and Technology Program of
Guangzhou, China. NARSAD Young Investigator Grants of The Brain & Behavior
Research Foundation, and the Alberta Synergies in Alzheimer’s and Related Disorders
(SynAD) program.

Acknowledgments

We thank the Department of Psychiatry, from University of Alberta, for data analysis and
manuscript editing. We also thank the Imaging department and Early intervention
Department in Guangzhou HuiAi Hospital for assisting us in data collection.

Author Statement

Author contributions: Bo Cao designed the analysis scheme, processed the image data
and supervised the paper writing. Jair C. Soares, Xinmin Li, Andrew J Greenshaw, Jeff
Sawalha, Yang Liu, Muhammad Yousefnezhad, Xiangyang Zhang critically edited the
paper. Liping Cao, Tao Li, Jiuwei Tan, Xiaofei Zhang, Wenjin Zou, Xiaofang Cheng,
Wenhao Deng, Yizhi Zhang, Ligian Cui, Chuihong Liu, Jiagi Sun, Xiongchao Cheng, Qiuxia
Wu, Suyi Li, Siming Mai, Xiaofeng Lan, Yingmei Chen, Yinglian Cai, Chaodun Zheng,



Journal Pre-proof

Daomeng Cheng, Bin Zhang, Chanjuan Yang, Xuan Li, Yamin Zhang, Liansheng Zhao,
Biyu Ye collected the data. Jianshan Chen performed the analysis and wrote the paper.

This research was supported in part by the National Key R&D Program of China [grant
number 2016YFC1306804]; the National Natural Science Foundation of China [grant
number 81771466]; the Natural Science Foundation of Guangdong Province, China [grant
number 2018A030313283]; Guangzhou Municipal Key Discipline in Medicine [2017-2019];
Guangzhou Municipal Psychiatric Disease Clinical Transformation Laboratory, Guangzhou,
China [grant number 201805010009]; Key Laboratory for Innovation Platform Plan,
Science, and Technology Program of Guangzhou, China; Science and Technology
Planning Project of Guangdong Province of China [No. 2017ZC0419], NARSAD Young
Investigator Grants of The Brain & Behavior Research Foundation, and the Alberta
Synergies in Alzheimer’s and Related Disorders (SynAD) program.

References

2011. Large-scale genome-wide association analysis of bipolar disorder identifies a new
susceptibility locus near ODZ4. Nature genetics 43, 977-983.

Abe, C., Ekman, C.J., Sellgren, C., Petrovic, P., Ingvar, M., Landen, M., 2015. Manic
episodes are related to changes in frontal cortex: a longitudinal neuroimaging study of
bipolar disorder 1. Brain 138, 3440-3448.

Almeida, J.R.C., Akkal, D., Hassel, S., Travis, M.J., Banihashemi, L., Kerr, N., Kupfer, D.J.,
Phillips, M.L., 2009. Reduced gray matter volume in ventral prefrontal cortex but not
amygdala in bipolar disorder: significant effects of gender and trait anxiety. Psychiatry
Research-neuroimaging 171, 54-68.

Arion, D., Unger, T.L., Lewis, D.A., Mirnics, K., 2007. Molecular markers distinguishing
supragranular and infragranular layers in the human prefrontal cortex. European Journal
of Neuroscience 25, 1843-1854.

Asmal, L., du Plessis, S., Vink, M., Chiliza, B., Kilian, S., Emsley, R., 2018. Symptom

attribution and frontal cortical thickness in first-episode schizophrenia. Early intervention in

psychiatry 12, 652-659.

Buraei, Z., Yang, J., 2013. Structure and function of the beta subunit of voltage-gated
Ca(2)(+) channels. Biochimica et biophysica acta 1828, 1530-1540.

Cao, B., Bauer, I.E., Sharma, A.N., Mwangi, B., Frazier, T., Lavagnino, L., Zunta-Soares,
G.B., Walss-Bass, C., Glahn, D.C., Kapczinski, F., Nielsen, D.A., Soares, J.C., 2016a.
Reduced hippocampus volume and memory performance in bipolar disorder patients
carrying the BDNF val66met met allele. J Affect Disord 198, 198-205.

Cao, B., Passos, I.C., Mwangi, B., Amaralsilva, H., Tannous, J., Wu, M., Zuntasoares, G.,
Soares, J.C., 2017. Hippocampal subfield volumes in mood disorders. Molecular
Psychiatry 22, 1352-1358.

Cao, B., Passos, I.C., Mwangi, B., Bauer, |.E., Zuntasoares, G., Kapczinski, F., Soares,



Journal Pre-proof

J.C., 2016b. Hippocampal volume and verbal memory performance in late-stage bipolar
disorder. J Psychiatr Res 73, 102-107.

Cens, T., ., Mangoni, M.E., Nargeot, J., ., Charnet, P., . 1996. Modulation of the alpha 1A
Ca2+ channel by beta subunits at physiological Ca2+ concentration. Febs Letters 391,
232-237.

Clapham, D.E., 2007. Calcium signaling. Cell 131, 1047-1058.

Desikan, R.S., Segonne, F., Fischl, B., Quinn, B.T., Dickerson, B.C., Blacker, D., Buckner,
R.L., Dale, A.M., Maguire, R.P., Hyman, B.T., 2006. An automated labeling system for
subdividing the human cerebral cortex on MRI scans into gyral based regions of interest.
Neuroimage 31, 968-980.

Dima, D., Jogia, J., Collier, D.A., Vassos, E., Burdick, K.E., Frangou, S., 2013. Independent
Modulation of Engagement and Connectivity of the Facial Network During Affect
Processing by CACNALC and ANKS3 Risk Genes for Bipolar Disorder. JAMA psychiatry 70,
1303-1311.

Drevets, W.C., 2000. Functional anatomical abnormalities in limbic and prefrontal cortical
structures in major depression. Progress in brain research 126, 413-431.

Ferreira, M.A., O'Donovan, M.C., Meng, Y.A., Jones, |.R., Ruderfer, D.M., Jones, L., Fan,
J., Kirov, G., Perlis, R.H., Green, E.K., Smoller, J.W., Grozeva, D., Stone, J., Nikolov, I.,
Chambert, K., Hamshere, M.L., Nimgaonkar, V.L:, Moskvina, V., Thase, M.E., Caesar, S.,
Sachs, G.S., Franklin, J., Gordon-Smith, K., Ardlie, K.G., Gabriel, S.B., Fraser, C.,
Blumenstiel, B., Defelice, M., Breen, G., Gill, M., Morris, D.W., Elkin, A., Muir, W.J.,
McGhee, K.A., Williamson, R., MacIntyre, D.J., MacLean, A.W., St, C.D., Robinson, M.,
Van Beck, M., Pereira, A.C., Kandaswamy, R., McQuillin, A., Collier, D.A., Bass, N.J.,
Young, A.H., Lawrence, J., Ferrier, I.N., Anjorin, A., Farmer, A., Curtis, D., Scolnick, E.M.,
McGuffin, P., Daly, M.J., Corvin, A.P., Holmans, P.A., Blackwood, D.H., Gurling, H.M.,
Owen, M.J., Purcell, S.M., Sklar, P., Craddock, N., 2008. Collaborative genome-wide
association analysis supports a role for ANK3 and CACNAILC in bipolar disorder. Nature
genetics 40, 1056-1058.

Fischl, B., 2012. FreeSurfer. Neuroimage 62, 774-781.

Fischl, B., Dale, A.M., 2000. Measuring the thickness of the human cerebral cortex from
magnetic resonance images. Proceedings of the National Academy of Sciences of the
United States of America 97, 11050-11055.

Focking, M., Dicker, P., Lopez, L.M., Hryniewiecka, M., Wynne, K., English, J.A., Cagney,
G., Cotter, D.R., 2016. Proteomic analysis of the postsynaptic density implicates synaptic
function and energy pathways in bipolar disorder. Translational psychiatry 6, €959-e959.
Folandross, L.C., Thompson, P.M., Sugar, C.A., Madsen, S.K., Shen, J.K., Penfold, C.,
Ahlf, K., Rasser, P.E., Fischer, J., Yang, Y., 2011. Investigation of Cortical Thickness
Abnormalities in Lithium-Free Adults With Bipolar | Disorder Using Cortical Pattern
Matching. Am J Psychiatry 168, 530-539.

Ghosh, S., Dyer, R.A., Beasley, C.L., 2017. Evidence for altered cell membrane lipid
composition in postmortem prefrontal white matter in bipolar disorder and schizophrenia.
J Psychiatr Res 95, 135-142.

Hashimoto, R., Ohi, K., Yamamori, H., Yasuda, Y., Fujimoto, M., Umedayano, S., Watanabe,
Y., Fukunaga, M., Takeda, M., 2015. Imaging Genetics and Psychiatric Disorders. Current



Journal Pre-proof

Molecular Medicine 15, 168-175.

Herold, D., Usnich, T., Spengler, S., Sajonz, B., Bauer, M., Bermpohl, F., 2017. Decreased
medial prefrontal cortex activation during self-referential processing in bipolar mania. J
Affect Disord 219, 157-163.

Hibar, D.P.,, Westlye, L.T., Doan, N.T., Jahanshad, N., Cheung, J.W., Ching, C.R.K.,
Versace, A., Bilderbeck, A.C., Uhlmann, A., Mwangi, B., 2018. Cortical abnormalities in
bipolar disorder: an MRI analysis of 6503 individuals from the ENIGMA Bipolar Disorder
Working Group. Mol Psychiatry 23, 932-942.

Hibar, D.P., Westlye, L.T., Van Erp, T.G.M., Rasmussen, J., Leonardo, C.D., Faskowitz, J.,
Haukvik, U.K., Hartberg, C.B., Doan, N.T., Agartz, |., 2016. Subcortical volumetric
abnormalities in bipolar disorder. Mol Psychiatry 21, 1710-1716.

Jan, W.C., Yang, S.Y., Chuang, L.C., Lu, R.B., Lu, M.K,, Sun, H.S., Kuo, P.H., 2014.
Exploring the associations between genetic variants in genes encoding for subunits of
calcium channel and subtypes of bipolar disorder. J Affect Disord 157, 80-86.
Jangsangthong, W., Kuzmenkina, E., Khan, I.F.Y., Matthes, J., Hullin, R., Herzig, S., 2010.
Inactivation of L-type calcium channels is determined by the length of the N terminus of
mutant 3 1 subunits. Pfliigers Archiv - European Journal of Physiology 459, 399-411.
Jogia, J., Ruberto, G., Lellichiesa, G., Vassos, E., Maieru, M., Tatarelli, R., Girardi, P.,
Collier, D.A., Frangou, S., 2011. The impact of the CACNA1C gene polymorphism on
frontolimbic function in bipolar disorder. Mol Psychiatry 16, 1070-1071.

Kafantaris, V., Kingsley, P., Ardekani, B.A.; Saito, E., Lencz, T., Lim, K.O., Szeszko, P.R.,
2009. Lower Orbital Frontal White Matter Integrity in Adolescents With Bipolar | Disorder.
J Am Acad Child Adolesc Psychiatry 48, 79-86.

Kauer-Sant'Anna, M., Kapczinski, F., Andreazza, A.C., Bond, D.J., Lam, R.W., Young, L.T.,
Yatham, L.N., 2009. Brain-derived neurotrophic factor and inflammatory markers in
patients with early-vs. = late-stage bipolar disorder. International Journal of
Neuropsychopharmacology 12, 447-458.

Kim, H.-W., Rapoport, S.I., Rao, J.S., 2010. Altered expression of apoptotic factors and
synaptic markers in postmortem brain from bipolar disorder patients. Neurobiology of
disease 37, 596-603.

Konopaske, G.T., Lange, N., Coyle, J.T., Benes, F.M., 2014. Prefrontal Cortical Dendritic
Spine Pathology in Schizophrenia and Bipolar Disorder. JAMA psychiatry 71, 1323-1331.
Lavagnino, L., Mwangi, B., Bauer, I.E., Cao, B., Selvaraj, S., Prossin, A., Soares, J.C.,
2016. Reduced Inhibitory Control Mediates the Relationship Between Cortical Thickness
in the Right Superior Frontal Gyrus and Body Mass Index. Neuropsychopharmacology 41,
2275-2282.

Lee, M.T., Chen, C.H., Lee, C.S., Chen, C.C., Chong, M.Y., Ouyang, W.C., Chiu, N.Y,,
Chuo, L.J., Chen, C.Y., Tan, H.K., Lane, H.Y., Chang, T.J., Lin, C.H., Jou, S.H., Hou, Y.M.,
Feng, J., Lai, T.J., Tung, C.L., Chen, T.J., Chang, C.J., Lung, FW., Chen, C.K., Shiah, |.S.,
Liu, C.Y., Teng, P.R., Chen, K.H., Shen, L.J., Cheng, C.S., Chang, T.P,, Li, C.F., Chou, C.H.,
Chen, C.Y,, Wang, K.H., Fann, C.S., Wu, J.Y,, Chen, Y.T., Cheng, A.T., 2011. Genome-
wide association study of bipolar | disorder in the Han Chinese population. Mol Psychiatry
16, 548-556.

Liu, F., Gong, X., Yao, X., Cui, L., Yin, Z,, Li, C., Tang, Y., Wang, F., 2019. Variation in the



Journal Pre-proof

CACNB2 gene is associated with functional connectivity of the Hippocampus in bipolar
disorder. BMC psychiatry 19, 62.

McGuffin, P., Rijsdijk, F., Andrew, M., Sham, P., Katz, R., Cardno, A., 2003. The heritability
of bipolar affective disorder and the genetic relationship to unipolar depression. Arch Gen
Psychiatry 60, 497-502.

Muhleisen, TW., Leber, M., Schulze, T.G., Strohmaier, J., Degenhardt, F., Treutlein, J.,
Mattheisen, M., Forstner, A.J., Schumacher, J., Breuer, R., Meier, S., Herms, S., Hoffmann,
P., Lacour, A., Witt, S.H., Reif, A., Muller-Myhsok, B., Lucae, S., Maier, W., Schwarz, M.,
Vedder, H., Kammerer-Ciernioch, J., Pfennig, A., Bauer, M., Hautzinger, M., Moebus, S.,
Priebe, L., Czerski, P.M., Hauser, J., Lissowska, J., Szeszenia-Dabrowska, N., Brennan,
P., McKay, J.D., Wright, A., Mitchell, P.B., Fullerton, J.M., Schofield, P.R., Montgomery,
G.W., Medland, S.E., Gordon, S.D., Martin, N.G., Krasnow, V., Chuchalin, A., Babadjanova,
G., Pantelejeva, G., Abramova, L.I., Tiganov, A.S., Polonikov, A., Khusnutdinova, E., Alda,
M., Grof, P., Rouleau, G.A., Turecki, G., Laprise, C., Rivas, F., Mayoral, F., Kogevinas, M.,
Grigoroiu-Serbanescu, M., Propping, P., Becker, T., Rietschel, M., Nothen, M.M., Cichon,
S., 2014. Genome-wide association study reveals two new risk loci for bipolar disorder.
Nature communications 5, 3339.

Nurnberger, J.I., Jr., Koller, D.L., Jung, J., Edenberg, H.J., Foroud, T., Guella, I., Vawter,
M.P., Kelsoe, J.R., 2014a. Identification of pathways for bipolar disorder: a meta-analysis.
JAMA psychiatry 71, 657-664.

Nurnberger, J.1., Koller, D.L., Jung, J., Edenberg, H.J., Foroud, T., Guella, I., Vawter, M.P.,
Kelsoe, J.R., 2014b. Identification of pathways for bipolar disorder: a meta-analysis. JAMA
psychiatry 71, 657-664.

Pereira, L.P., Kohler, C.A., de Sousa, R.T., Solmi, M., de Freitas, B.P., Fornaro, M.,
Machado-Vieira, R., Miskowiak, K.W., Vieta, E., Veronese, N., Stubbs, B., Carvalho, A.F,,
2017a. The relationship between genetic risk variants with brain structure and function in
bipolar disorder: A systematic review of genetic-neuroimaging studies. Neuroscience and
biobehavioral reviews 79, 87-109.

Pereira, L.P., Kohler, C.A., De Sousa, R.T., Solmi, M., De Freitas, B.P., Fornaro, M.,
Machadovieira, R., Miskowiak, K.W., Vieta, E., Veronese, N., 2017b. The relationship
between genetic risk variants with brain structure and function in bipolar disorder: A
systematic review of genetic-neuroimaging studies. Neuroscience & Biobehavioral
Reviews 79, 87-109.

Phillips, M.L., Drevets, W.C., Rauch, S.L., Lane, R.D., 2003. Neurobiology of emotion
perception I: the neural basis of normal emotion perception. Biol Psychiatry 54, 504-514.
Rasetti, R., Weinberger, D.R., 2011. Intermediate phenotypes in psychiatric disorders.
Current Opinion in Genetics & Development 21, 340-348.

Sheline, Y.1., 2011. Depression and the hippocampus: cause or effect? Biol Psychiatry 70,
308-309.

Sklar, P., Smoller, JW., Fan, J., Ferreira, M.A., Perlis, R.H., Chambert, K., Nimgaonkar,
V.L., McQueen, M.B., Faraone, S.V., Kirby, A., de Bakker, P.l.,, Ogdie, M.N., Thase, M.E.,
Sachs, G.S., Todd-Brown, K., Gabriel, S.B., Sougnez, C., Gates, C., Blumenstiel, B.,
Defelice, M., Ardlie, K.G., Franklin, J., Muir, W.J., McGhee, K.A., Macintyre, D.J., McLean,
A., VanBeck, M., McQuillin, A., Bass, N.J., Robinson, M., Lawrence, J., Anjorin, A., Curtis,



Journal Pre-proof

D., Scolnick, E.M., Daly, M.J., Blackwood, D.H., Gurling, H.M., Purcell, S.M., 2008. Whole-
genome association study of bipolar disorder. Mol Psychiatry 13, 558-569.

Stahl, E.A., Breen, G., Forstner, A.J., McQuillin, A., Ripke, S., Trubetskoy, V., Mattheisen,
M., Wang, Y., Coleman, J.R.l., Gaspar, H.A., de Leeuw, C.A., Steinberg, S., Pavlides,
J.M.W., Trzaskowski, M., Byrne, E.M., Pers, T.H., Holmans, P.A., Richards, A.L., Abbott,
L., Agerbo, E., Akil, H., Albani, D., Alliey-Rodriguez, N., Als, T.D., Anjorin, A., Antilla, V.,
Awasthi, S., Badner, J.A., Baekvad-Hansen, M., Barchas, J.D., Bass, N., Bauer, M.,
Belliveau, R., Bergen, S.E., Pedersen, C.B., Boen, E., Boks, M.P., Boocock, J., Budde, M.,
Bunney, W., Burmeister, M., Bybjerg-Grauholm, J., Byerley, W., Casas, M., Cerrato, F.,
Cervantes, P., Chambert, K., Charney, AW., Chen, D., Churchhouse, C., Clarke, TK.,
Coryell, W., Craig, D.W., Cruceanu, C., Curtis, D., Czerski, P.M., Dale, A.M., de Jong, S.,
Degenhardt, F., Del-Favero, J., DePaulo, J.R., Djurovic, S., Dobbyn, A.L., Dumont, A.,
Elvsashagen, T., Escott-Price, V., Fan, C.C., Fischer, S.B., Flickinger, M., Foroud, T.M.,
Forty, L., Frank, J., Fraser, C., Freimer, N.B., Frisen, L., Gade, K., Gage, D., Garnham, J.,
Giambartolomei, C., Pedersen, M.G., Goldstein, J., Gordon, S.D., Gordon-Smith, K.,
Green, E.K., Green, M.J., Greenwood, T.A., Grove, J., Guan, W., Guzman-Parra, J.,
Hamshere, M.L., Hautzinger, M., Heilbronner, U., Herms, S., Hipolito, M., Hoffmann, P.,
Holland, D., Huckins, L., Jamain, S., Johnson, J.S., Jureus, A., Kandaswamy, R., Karlsson,
R., Kennedy, J.L., Kittel-Schneider, S., Knowles, J.A., Kogevinas, M., Koller, A.C., Kupka,
R., Lavebratt, C., Lawrence, J., Lawson, W.B., Leber, M., Lee, P.H., Levy, S.E., Li, J.Z., Liu,
C., Lucae, S., Maaser, A., Macintyre, D.J., Mahon, P.B., Maier, W., Martinsson, L.,
McCarroll, S., McGuffin, P., Mclnnis, M.G., McKay, J.D., Medeiros, H., Medland, S.E.,
Meng, F., Milani, L., Montgomery, G.W., Morris, D.W., Muhleisen, TW., Mullins, N., Nguyen,
H., Nievergelt, C.M., Adolfsson, A.N., Nwulia, E.A., O'Donovan, C., Loohuis, L.M.O., Ori,
A.P.S., Oruc, L., Oshy, U., Perlis, R.H., Perry, A., Pfennig, A., Potash, J.B., Purcell, S.M.,
Regeer, E.J., Reif, A., Reinbold, C.S., Rice, J.P, Rivas, F., Rivera, M., Roussos, P.,
Ruderfer, D.M., Ryu, E:, Sanchez-Mora, C., Schatzberg, A.F., Scheftner, W.A., Schork,
N.J., Shannon Weickert, C., Shehktman, T., Shilling, P.D., Sigurdsson, E., Slaney, C.,
Smeland, O.B., Sobell, J.L., Soholm Hansen, C., Spijker, A.T., St Clair, D., Steffens, M.,
Strauss, J.S., Streit, ., Strohmaier, J., Szelinger, S., Thompson, R.C., Thorgeirsson, T.E.,
Treutlein, J., Vedder, H., Wang, W., Watson, S.J., Weickert, TW., Witt, S.H., Xi, S., Xu, W.,
Young, A.H., Zandi, P., Zhang, P., Zollner, S., Adolfsson, R., Agartz, I., Alda, M., Backlund,
L., Baune, B.T., Bellivier, F., Berrettini, W.H., Biernacka, J.M., Blackwood, D.H.R., Boehnke,
M., Borglum, A.D., Corvin, A., Craddock, N., Daly, M.J., Dannlowski, U., Esko, T., Etain, B.,
Frye, M., Fullerton, J.M., Gershon, E.S., Gill, M., Goes, F., Grigoroiu-Serbanescu, M.,
Hauser, J., Hougaard, D.M., Hultman, C.M., Jones, I., Jones, L.A., Kahn, R.S., Kirov, G.,
Landen, M., Leboyer, M., Lewis, C.M., Li, Q.S., Lissowska, J., Martin, N.G., Mayoral, F.,
McElroy, S.L., Mcintosh, A.M., McMahon, F.J., Melle, I., Metspalu, A., Mitchell, P.B.,
Morken, G., Mors, O., Mortensen, P.B., Muller-Myhsok, B., Myers, R.M., Neale, B.M.,
Nimgaonkar, V., Nordentoft, M., Nothen, M.M., O'Donovan, M.C., Oedegaard, K.J., Owen,
M.J., Paciga, S.A., Pato, C., Pato, M.T., Posthuma, D., Ramos-Quiroga, J.A., Ribases, M.,
Rietschel, M., Rouleau, G.A., Schalling, M., Schofield, P.R., Schulze, T.G., Serretti, A.,
Smoller, J.W., Stefansson, H., Stefansson, K., Stordal, E., Sullivan, P.F., Turecki, G., Vaaler,
A.E., Vieta, E., Vincent, J.B., Werge, T., Nurnberger, J.I., Wray, N.R., Di Florio, A,



Journal Pre-proof

Edenberg, H.J., Cichon, S., Ophoff, R.A., Scott, L.J., Andreassen, O.A., Kelsoe, J., Sklar,
P., 2019. Genome-wide association study identifies 30 loci associated with bipolar disorder.
Nature genetics 51, 793-803.

Starnawska, A., Demontis, D., Pen, A., Hedemand, A., Nielsen, A.L., Staunstrup, N.H.,
Grove, J., Als, T.D., Jarram, A., O'Brien, N.L., Mors, O., McQuillin, A., Borglum, A.D.,
Nyegaard, M., 2016. CACNAL1C hypermethylation is associated with bipolar disorder.
Translational psychiatry 6, e831.

Volsen, S.G., Day, N.C., Mccormack, A.L., Smith, W., Craig, P.J., Beattie, R.E., Smith, D.,
Ince, P.G., Shaw, P.J., Ellis, S.B., 1997. The expression of voltage-dependent calcium
channel beta subunits in human cerebellum. Neuroscience 80, 161-174.

Zeni, C.P., Mwangi, B., Cao, B., Hasan, K.M., Walss-Bass, C., Zunta-Soares, G., Soares,
J.C., 2016. Interaction between BDNF rs6265 Met allele and low family cohesion is
associated with smaller left hippocampal volume in pediatric bipolar disorder. J Affect
Disord 189, 94-97.

Zink, C., L Stein, J., Kempf, L., Hakimi, S., Meyer-Lindenberg, A., 2010. Vasopressin
Modulates Medial Prefrontal Cortex-Amygdala Circuitry During Emotion Processing in
Humans.

Table 1. Demographic and clinical features of study participants (Mean + standard deviation (SD))

HC (n = 83) BD patents (n = 46) Statistic (p )

Sex ( male/female ) 45/38 24/22 0.855

Age (years) 245+ 4.7 24.3+6.6 0.035 (0.852)

Rs11013860

Genotype ( AA/AC/CC )  15/36/32 11/17/18 0.642

AA 15 11 0.494

AC 36 17 0.576

CC 32 18 1

Allele frequency ( A/C ) 0.40/0.60 0.42/0.58 0.693

HAM-D 3.443.9 NA

YMRS 3.1+5.8 NA

: 46.486

Education (years) 15.1+1.8 119+ 3.6
(<0.001)
3.637

BMI 20.7+29 22.0+33

( 0.060 )



Table 2. Comparisons of the thickness measurements (mm) on PFC subregions by

diagnostic groupings (Mean + SD).
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Measurements BD HC F df | pvalue
left superior frontal thickness 2.78+0.16 292+0.13 | 28.644 | 1 | <0.001
right superior frontal thickness | 2.80 + 0.17 293+0.13 | 21.896 | 1 | <0.001
left middle frontal thickness 2.44 +0.13 255+0.11 | 24.756 | 1 | <0.001
right middle frontal thickness 243+0.14 255+0.11 | 23.200 | 1 | <0.001
left inferior frontal thickness 2.60+0.16 273+0.11 | 25.677 | 1 | <0.001
right inferior frontal thickness 2.60+0.17 272+0.11 | 29.016 | 1 | <0.001
left orbitofrontal thickness 259+0.14 2.66+0.09 | 10.216 | 1 | 0.016
right orbitofrontal thickness 259+0.14 266+0.10 | 8634 | 1 | 0.032

Age of onset 21.2+6.6

Psychotic symptom (n) 23

Depressive episode 11+1.2

Duration of depression

27.8+39.5

(month)

Medication use (n)

Lithium 20

Anticonvulsants 28

NA NA

Antidepressants 4

Antipsychotics 36

Anxiolytics 16
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Table 3. Comparisons of the thickness measurements (mm) on PFC subregions by
genotype under different diagnostic groupings (Mean * SD).

HC BD
Measurements A-allele CcC A-allele CcC E |t p
carriers carriers carriers carriers value
left superior 291+ 283+ | 4.7 0.25
) 2.93+0.14 2.74+£0.14 1
frontal thickness 0.11 0.17 2 3
right superior 2.92+ 286+ | 8.1
. 2.95+0.14 2.76 £0.14 1] 0.04
frontal thickness 0.12 0.19 9
left middle frontal 2.55 + 247+ | 21 1.14
. 2.54 +0.12 241 +£0.12 1
thickness 0.09 0.15 7 4
right middle 2.54 + 247+ | 4.0 0.37
. 2.56 +0.12 241 +0.13 1
frontal thickness 0.09 0.16 5 1
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left inferior frontal 2.72 + 264+ | 3.6 0.47
. 2.73+0.11 2.58 £ 0.15 1
thickness 0.11 0.18 2 4
right inferior 273+ 262+ | 14 1.82
. 2.72+0.12 258 +0.17 1
frontal thickness 0.11 0.17 7 3
left orbitofrontal 2.65 + 260+ | 1.0 2.41
. 2.66 + 0.09 259+0.14 1
thickness 0.08 0.14 7 7
right orbitofrontal 2.66 + 261+ | 1.7 1.49
i 2.66 + 0.09 257 +0.11 1
thickness 0.11 0.17 6 8
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Figl. A significant interaction between diagnosis and CACNB2 genotype on the right
superior frontal thickness. Data are expressed as mean index value * standard error

of the mean; * p < 0.05.



