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Abstract

Psychiatric disorders have clear heritable risk. Several large-scale genome-wide association 

studies have revealed a strong association between susceptibility for psychiatric disorders, 

including bipolar disease, schizophrenia, and major depression, and a haplotype located in an 

intronic region of the L-type voltage gated calcium channel (VGCC) subunit gene CACNA1C 

(peak associated SNP rs1006737), making it one of the most replicable and consistent associations 

in psychiatric genetics. In the current study, we used induced human neurons to reveal a functional 

phenotype associated with this psychiatric risk variant. We generated induced human neurons, or 

iN cells, from more than 20 individuals harboring homozygous risk genotypes, heterozygous, or 

homozygous non-risk genotypes at the rs1006737 locus. Using these iNs, we performed 

electrophysiology and quantitative PCR experiments that demonstrated increased L-type VGCC 

current density as well as increased mRNA expression of CACNA1C in induced neurons 

homozygous for the risk genotype, compared to non-risk genotypes. These studies demonstrate 

that the risk genotype at rs1006737 is associated with significant functional alterations in human 
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induced neurons, and may direct future efforts at developing novel therapeutics for the treatment 

of psychiatric disease.

Introduction

Severe neuropsychiatric disorders, such as schizophrenia and bipolar disease, have a 

substantial and consistently observed genetic component1. Unfortunately, the limitations of 

animal models for neuropsychiatric disease and the lack of human model systems has 

limited our ability to explore the relationship between the genomic determinants and the 

cellular and molecular biology abnormalities underlying these diseases in neural cells2. 

Genome-wide association studies (GWAS) using large psychiatric disorder cohorts have 

yielded reproducible common and rare genetic variations that are associated with disease 

risk, but the mechanistic roles of these risk genes in disease etiology and pathophysiology 

remain largely unknown.

Mutations in the CACNA1C gene have been associated with autism spectrum disorders 

(ASD) and, in at least one case, bipolar disorder symptoms3. In 2008, Ferriera et al 

confirmed that a common intronic risk haplotype within the CACNA1C gene (peak risk SNP 

rs1006737) is associated with bipolar disorder4. The risk haplotype resides within a 100kb 

segment of a large (300 kb) intron within the CACNA1C gene. Subsequently, it was shown 

that the same risk allele within CACNA1C also conferred risk for recurrent major depression 

and schizophrenia5–7. CACNA1C encodes the α1C subunit (CaV1.2)8, of the L-type voltage-

gated calcium channel (VGCC), which activates upon cellular depolarization, and underlies 

key neuronal functions such as dendritic information integration, cell survival, and neuronal 

gene expression9. Human brain imaging and behavioral studies have demonstrated 

morphological and functional alterations in individuals carrying the CACNA1C risk 

allele10–13. However, no study has examined the cellular impact of the risk SNP in 

CACNA1C directly on channel function in human neurons.

The ability to proceed past the initial identification of risk variants and examine the 

biological consequences of disease-associated variants has been facilitated by recent 

developments in in vitro approaches that give researchers access to neural cell lines that 

carry the intact genome of affected individuals. Induced pluripotent stem cell (iPSC) 

technology has enabled studies to associate cellular phenotypes with a specific Timothy 

Syndrome mutation within the coding exon of CACNA1C using stem cell-derived neurons14. 

As an alternative to the iPSC approach, the technology of rapid neuronal programming, in 

which mouse or human fibroblasts are directly converted into functional induced neurons 

(iNs), can efficiently and rapidly produce functional human neurons15, 16. In the current 

report, the shorter induction protocol of the iN technique allowed us to rapidly derive human 

neuron-like cells from a relatively large library of fibroblasts obtained from individuals with 

and without the risk associated SNP at rs1006737, representing perhaps the largest cohort, to 

date, of re-programmed human neuronal cells. Using these cells, we evaluated the functional 

impact of the intronic risk haplotype at the rs1006737 SNP within the CACNA1C gene.

In the current work, we observed that CACNA1C mRNA was more abundant in iNs from 

individuals carrying the rs1006737 risk genotype, compared to those with the non-risk 
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genotype. Additionally, iNs carrying the risk SNP displayed higher L-type VGCC calcium 

current densities compared to iNs carrying the non-risk variant. These findings are the first 

to demonstrate a functional neuronal phenotype for a non-coding variant associated with 

psychiatric disease risk in induced neurons derived from patient and/or control subject 

fibroblasts, providing novel insights into the functional consequences of genetic variants 

associated with psychiatric disorders. We show that the direct reprogramming of human 

fibroblasts into neuronal cells represents a feasible means by which elements of these 

complex disorders may be investigated at the cellular and molecular level using neurons 

derived from groups of individuals carrying disease risk-associated SNPs.

Results

Human iN cells display neuronal phenotypes

We obtained human dermal fibroblasts (Supplementary Fig. 1a) and determined their 

genotypes for the CACNA1C SNP rs1006737 using PCR followed by Sanger sequencing 

(Supplementary Table 1). To generate induced neurons (iNs) from human fibroblasts, the 

human transcription factors ASCL1, POU3F2, and MYT1L cDNAs were individually cloned 

into lentiviral vectors preceding an IRES-EGFP cassette under the control of the CMV 

promoter (Fig. 1a). As early as one week following the lentiviral transduction of human 

fibroblasts, we observed neuron-like GFP-positive cells extending processes from large 

round soma in culture (Fig. 1b–f, h, and Supplementary Fig. 1b). Using 

immunocytochemical methods, we confirmed that these induced neurons expressed neuron-

specific markers, such as Tuj1, MAP2, NeuN (Fig. 1b–d). When these iNs were transduced 

with a lentivirus expressing RFP from the human synapsin promoter we also observed co 

expression of RFP with these markers (Fig. 1e). In addition, human iNs co-cultured with 

human astrocytes for 28 days expressed immunoreactivity for the vesicular glutamate 

transporter VGLUT1 (Fig. 1f).

To further characterize the neuronal properties of these iN cells, we performed RT-PCR 

analysis and compared their expression of neuronal markers with the expression of these 

markers in normal human neural progenitor cells (hNPCs), differentiated hNPCs, and human 

whole brain mRNA. We found that the iNs did not express progenitor markers such as SOX2 

or CUX2, but instead expressed well-known neuronal markers including MAP2, FOXP2, 

TBR1, GRIN1 (NR1), GABRA6, GABRB2, NTRK2 (TrkB), and SLC17A7 (VGLUT1). These 

data suggest that the iNs are terminally differentiated and are not self-replenishing. 

Interestingly, we did not observe SLC32A1 (VGAT) mRNA in our iN cells, suggesting that 

these cells have a glutamatergic, rather than GABAergic, neuronal phenotype (Fig. 1g).

Membrane excitability is a functional hallmark of neurons. To determine if these iNs were 

electrically excitable, we performed electrophysiological recordings. We recorded from cells 

that exhibited both GFP fluorescence and typical neuronal morphologies, and found that the 

iN cells had average resting membrane potentials similar to those reported previously for 

directly induced neurons15–17 (-51 mV, +/- 3.3 mV, n=6, 21 days post-transduction). In 

addition, step current injections ranging from −90 to +50 pA elicited action potentials from 

iN cells. These characteristics indicate that the iN cells were excitable, and thus displayed a 

functional neuronal phenotype (Fig. 1h). We successfully converted all the fibroblast lines 
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used in this study to iNs (Supplementary Fig. 1b) and found that, on average, more than 50% 

of the GFP-positive cells co-expressed the neuronal marker Tuj1 (data not shown).

Higher mRNA levels of CACNA1C expressed in iNs harboring the risk variant at rs1006737

To examine the functional relevance of a genomic variant associated with psychiatric 

disease, we obtained over 20 human fibroblast lines homozygous for the non-risk (GG, 9 

lines), homozygous for the risk (AA, 12 lines), or heterozygous (GA, 3 lines) for the risk 

allele at rs1006737 within the CACNA1C gene and induced these fibroblasts to form iNs. 

We prioritized the collection of the two homozygous groups in this study, to better detect 

potential effects of this specific genomic variation in the context of a variety of human 

genomes. To measure expression levels of CACNA1C mRNA in these neurons, we designed 

primers that spanned exons 3 and 4 of CACNA1C, thus flanking the intronic rs1006763 

SNP18. Using these primers, the CACNA1C amplicon derived from these neurons was 

cloned and subjected to Sanger sequencing to confirm its identity (data not shown). Three to 

four weeks following viral transduction, we used a micropipette to isolate 5 – 10 iN cells 

from each heterogeneous culture. We selected only those GFP-positive cells that displayed 

distinct neuronal morphologies and expressed exogenous RFP driven by the neuron-specific 

synapsin promoter (Fig. 1e). Using quantitative real-time PCR (qPCR), we discovered that 

iNs derived from individuals harboring the homozygous risk AA genotype on average 

expressed significantly higher levels of CACNA1C mRNA compared to cells harboring the 

non-risk GG or the heterozygous risk AG genotype (Fig. 2). These results suggest that the 

rs1006763 haplotype variations influenced the level of CACNA1C transcripts in these human 

neural cells.

L-type voltage-gated calcium channel (VGCC) currents are evident in induced neurons

To investigate whether L-type VGCC currents are present in iNs, whole-cell recordings 

were conducted prior to and following the neuronal induction protocol. As shown in 

Supplemental Figure 2a, little VGCC current was detected in primary human fibroblasts 

prior to induction. Two weeks following virus-mediated iN induction, inward calcium 

currents measured from GFP-positive iN cells with more than two processes could be 

evoked by step-wise depolarization from a holding potential of −100 to test potentials 

between −50 mV to +50 mV at 5 mV steps. The current density (peak current, pA 

normalized to cell capacitance, pF), measured from iNs derived from more than 20 human 

fibroblast lines, averaged 4.9 ± 0.2 pA/pF, (mean ± s.e.m., n = 305), using 10 mM Ba2+ as 

the charge carrier. iNs derived from fibroblasts of different human subjects demonstrated 

similar current-voltage relationship in activation (Supplemental Fig. 2b), with peak current 

elicited at +10 mV. Next, we examined the steady state inactivation (SSI) profile of VGCCs 

in these iNs. SSI is a measure of channel availability at a given holding potential. As shown 

in Supplemental Fig. 2c, VGCC currents in these iNs exhibited similar SSI profiles and the 

magnitude of V1/2,inact, the membrane potential at which half of the channels are available to 

open (Supplemental Fig. 2c). Both voltage dependent activation and inactivation profiles of 

VGCC in iNs were consistent with canonical high-voltage gated calcium currents19.

To dissect the components of the calcium currents recorded in these iNs, we applied 

pharmacological inhibitors of N- and P/Q type channels. Following the application of ω-
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conotoxins GVIA and MVIIC (400 nM), which are specific N and P/Q type channel 

blockers20, 21, respectively, to the recording solutions, we observed little reduction in the 

amplitude of the inward calcium current (data not shown). In contrast, the L-type VGGC 

blocker, nifedipine, dose dependently inhibited these iN calcium currents, reaching nearly 

complete block at 1 μM (Fig. 3a), while the L-type VGCC activator Bay K8840 (2 μM), 

potentiated the size of the iN dramatically (average fold of potentiation: 7.2 ± 1.7, n =3; 

mean ± s.e.m). We then examined the effects of another dihydropyridine L-type channel 

inhibitor, isradipine, on iN calcium currents, and found that the half maximal inhibitory 

concentration (IC50) of isradipine on calcium currents is 33.1 ± 2.9 nM (Supplemental Fig. 

2d) using iNs induced from subject GM03440, which was consistent with previous reports 

of L-type VGCC pharmacology22. Of note, isradipine has recently been reported to be 

efficacious in the treatment of bipolar depression23.

Two genes, CACNA1C and CACNA1D, encode the α1 subunits of the neuronal L-type 

calcium channel. The biophysical properties and pharmacological properties of these two 

VGCCs would be hard to distinguish under the recording conditions described herein. 

Therefore, we sought to determine by RT-PCR whether CACNA1D was also expressed in 

these iNs. We isolated total RNA from induced neurons and the subsequent RT-qPCR 

showed that transcripts for the closely-related CACNA1D gene were completely absent in 

the iN cells (Supplementary Fig. 2e). Additionally, transcripts for other calcium channel 

genes such as CACNA1B, CACNA1E, and CACNA1H were also absent. Interestingly, 

although we do not detect P/Q-mediated currents, mRNA transcripts for the CACNA1A gene 

were detectable in the iN cells using RT-qPCR (data not shown). These data collectively 

suggest the VGCC currents recorded from iNs result primarily from L-type channels 

containing the α1C subunit expressed from the CACNA1C gene.

Human induced neurons carrying the risk CACNA1C SNP exhibit an enhanced calcium 
current density

To address whether the rs1006763 risk haplotype influences the properties of L-type VGCC 

currents in induced neurons, we performed electrophysiological recordings on the iNs 

derived from individuals with different genotypes at rs1006763. Strikingly, we found that 

the calcium current density from different iN cell lines was significantly different among the 

iNs from different genotypes (risk vs. non-risk), while the voltage-dependence of activation 

was similar across all cell lines (Fig. 3b). The VGCC current density overall was 

significantly higher in iNs derived from subjects with the risk (AA) rs1006763 genotype 

compared to iNs derived from those who harbored heterozygous or homozygous non-risk 

genotype (GA or GG; Fig. 3c, 3d). We also show that, overall, the current densities of these 

cell lines were correlated with the qPCR quantification of CACNA1C mRNA (R = 0.65; Fig. 

3e). While the averaged current density significantly differed among genotypes (Fig. 3c), the 

average size of the iN cells, as measured by cell capacitance, was not significantly different 

(AA: 18.4 ± 8.2, pF, n= 132; GA: 20.0 ± 7.7 pF, n = 58; GG: 20.1±8.6 pF, n= 115; mean ± 

s.d.). Not all lines that had a risk genotype showed increased current density and CACNA1C 

expression, nor did all low-risk genotypes have lower current density and CACNA1C 

expression. For example, iNs derived from the ML-0673-01 homozygous risk (AA) line 

showed lower current densities and CACNA1C expression than the other risk cell lines. By 

Yoshimizu et al. Page 5

Mol Psychiatry. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contrast, the homozygous non-risk (GG) line GM02036 displayed increased current 

densities, but similar CACNA1C expression, compared to other non-risk lines (Fig. 3c). 

Variation in other cellular factors, such as channel trafficking efficiency or auxiliary subunit 

expression levels, may account for these discrepancies by, for example, contributing to 

differences in channel plasma membrane surface densities without modifying the mRNA 

level of CACNA1C.

To confirm that the observed differences in current density were not the result of differences 

between induction batches, we analyzed VGCC currents from three independent inductions 

of two fibroblast cell lines. We found that iNs derived from the GM03440 line consistently 

produced higher averaged current densities (8.9 ± 3.0, 4.6 ± 0.8, and 8.3 ± 1.1 pA/pF) in 

three inductions, compared to those from GM05934 (2.8 ± 0.1, 1.4 ± 0.2, and 2.9 ± 0.5 

pA/pF respectively) over the same induction batches (Supplemental Fig. 3f). These results 

indicate that the measurement of VGCC current density in iNs reflects a relatively stable 

property of these cells, one which is moderated mostly by specific genetic variation in the 

fibroblast donors, rather than resulting from subtle differences in conditions during 

induction. Together with our RT-qPCR data from isolated neurons, these 

electrophysiological data suggest that the presence of the psychiatric risk genotype (peak 

SNP rs1006763) increases CACNA1C transcription in excitatory induced human neurons. 

Moreover, this alteration in CACNA1C expression is associated with increased L-type 

VGCC current density in these cells.

Discussion

Our study represents the first attempt, to our knowledge, to examine a genetic risk factor 

comprised of a common illness related common variant in human induced neurons. We 

demonstrate, at single-neuron resolution, that a non-coding psychiatric risk genotype can 

influence the physiological function of human neural cells. Our findings support the use of 

human-derived neurons in the study of neurological disease mechanisms and their utility for 

potential therapeutic target identification. In the current report, we directly reprogrammed 24 

human fibroblast lines into iN cells to study the effects of rs1006737 risk and non-risk 

haplotypes in human-derived neurons. We showed that the risk rs1006737 genotype (AA) is 

correlated with increased levels of CACNA1C mRNA as compared to the non-risk or 

heterozygous (GG, GA) genotypes in iNs. Importantly, we found a functional difference 

between risk and non-risk genotype neurons, namely, an increase in the density of CaV1.2-

mediated currents in iNs harboring the risk genotype, compared to the non-risk genotype. As 

cells carrying the risk allele at rs1006737 were obtained from both healthy individuals and 

psychiatric patients (Supplemental Table 1), the current study examines the functional 

impact of this genetic variant independent of psychiatric diagnosis. These results support the 

notion that variations at the rs1006737 SNP in the CACNA1C gene are associated with 

CaV1.2 channel function in human excitatory neuron-like cells.

Interestingly, the presence of the rs1006763 risk haplotype has been associated with altered 

CACNA1C mRNA levels in postmortem human brain samples. One study showed that an 

increase in CACNA1C mRNA levels was associated with the risk haplotype10. In contrast, a 

recent work found that the risk haplotype at rs1006737 was associated with decreased 
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expression of CACNA1C in post-mortem human cerebellum3; however, no difference was 

found in the parietal cortex, suggesting that alternation in CACNA1C expression associated 

with this risk haplotype may be brain-region specific, as well as neuron subtype specific. In 

addition, while the current study examined only induced neurons, CACNA1C may be 

expressed in glial cells, such as astrocytes24, 25. In mature neurons, other calcium channel 

subunits are likely to be functional, such as P/Q channels encoded by the CACNA1A gene26. 

In the iN cells, however, although mRNA is evident for CACNA1A, our electrophysiological 

findings indicate that this channel did not contribute significantly to recorded total whole 

cell calcium currents 2 weeks post transduction. Thus, our results cannot yet be compared 

directly to post mortem findings. We speculate that the large intronic region, where the 

disease risk associated variants resides, regulates CACNA1C expression through multiple 

cis-elements and that these cis-elements are active in different types of cells and at different 

developmental stages. Future expression analysis in single primary neurons, rapidly-

reprogrammed neurons of different subtypes27, or isolated neural populations from different 

regions of human brain, will be necessary to determine the potential regional and cell-type 

specific impact of this risk haplotype on calcium channel gene expression.

It is important to note that two of the 24 cell lines analyzed showed a phenotype discordant 

from that of the rest of their group. In one line, ML-0673-01, homozygous for the risk 

genotype, we observed lower CACNA1C mRNA levels and lower VGCC-mediated current 

density. Another line, GM02036, which was homozygous for the non-risk genotype, 

displayed increased current densities, although CACNA1C mRNA levels were similar to the 

rest of the non-risk group. These data suggest that, while the haplotype at rs1006737 may be 

a significant contributing factor in influencing L-type VGCC expression and function in 

these human neurons, other genomic variation may also play a role. This incompletely 

penetrant pattern becomes apparent after analyzing a sizable pool of reprogrammed cell 

lines. Future studies using genome-editing technologies, such as TALEN or CRISPR28–32, 

to generate isogenic genomes that differ only at causal variations in this region could reveal 

the functional impact of this risk SNP in the absence of other genome variability.

The use of a renewable source of patient and unaffected human neurons to demonstrate a 

specific neuronal function is altered by a psychiatric risk haplotype is a milestone in the field 

of psychiatric biology. Several previous pharmacological studies have implicated the L-type 

VGCC in psychiatric disease. L-type calcium currents are down-regulated in the mouse 

brain in response to antipsychotics, and calcium channel antagonists, such as verapamil and 

isradipine, have been used therapeutically in bipolar disease treatment33–35. In addition, 

recent studies have shown an impact of the rs1006737 CACNA1C haplotype in task-based 

human behaviors, such as spatial working memory and attention, as well as on 

morphological changes such as grey matter volume of specific regions of human 

brain10–12, 36–40. The current study suggests a potential strategy with which to study these 

psychiatric disorders at the molecular and cellular level, a strategy that may help prioritize 

experiments for the downstream identification and validation of psychiatric risk genes, and 

impact the development of novel therapeutic approaches for these common disorders.
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Methods

Molecular cloning and lentivirus production

Human ASCL1, POU3F2, and MYT1L cDNAs were separately cloned into lentiviral vector 

pHRST-IRES-EGFP, containing an IRES-EGFP cassette under the control of a CMV 

promoter. The human synapsin I promoter driving DsRed in a lentiviral plasmid (Addgene 

Plasmid 22909: pLV-hSyn-RFP) was obtained from Addgene. VSV-G-coated lentiviral 

particles were packaged in 293T cells as described previously41. Briefly, 293T cells were 

transfected with each lentiviral plasmid coding for human ASCL1, POU3F2, or MYT1L and 

envelope plasmids (Addgene Plasmids 12259: pMD.2G and 12263: pCMVdeltaR8.2) using 

Lipofectamine 2000 (Invitrogen). The medium was replaced 6-10 hours after the 

transfection, and the supernatant containing the viruses was then harvested at 72 hours post 

transfection, filtered, and ultracentrifuged to concentrate the virus. Aliquots of the viruses 

were stored at −80 °C until use.

Cell culture

Human fibroblasts were obtained from the Coriell Institute, McLean Hospital, 

Massachusetts General Hospital, and the American Type Culture Collection (ATCC). 

Human fibroblasts were cultured in D15 media (DMEM containing GlutaMAX (Invitrogen), 

15% FBS and penicillin/streptomycin). These fibroblasts were genotyped by droplet digital 

PCR at the Broad Institute. The 293T cells for lentivirus production were grown in D10 

media (DMEM containing GlutaMAX and 10% FBS). Human normal neuronal progenitor 

cells (NPCs) were obtained from Massachusetts General Hospital, and were cultured in NPC 

media (70% DMEM/30% F12 containing GlutaMAX, B27 supplement (Invitrogen), 20 

ng/ml FGF2 (R&D Systems), 20 ng/ml EGF (R&D Systems) and 5μg/ml heparin (Sigma). 

For the differentiation of NPCs, cells were cultured in 70% DMEM/30% F12 medium 

containing B27 supplement without FGF2, EGF, and heparin for 6-8 weeks. To generate 

human iNs, human fibroblasts were plated onto dishes or glass coverslips treated with poly-

D-lysine/laminin at appropriate cell densities and the next day were transduced with 

lentiviruses carrying the three iN factors in D15 media containing 8 μg/ml polybrene. After 

6-12 hours in the transduction medium, the cells were switched to N3 medium (DMEM/F12 

containing GlutaMAX, 25 μg/ml insulin (Sigma), 30 nM sodium selenite (Sigma), 20 nM 

progesterone (Sigma), 100 nM putrescine (Sigma), 50 μg/ml transferrin (Roche Applied 

Science), and 10 ng/ml FGF2 for the conversion into iNs. For long-term iN culture, 10 

ng/ml BDNF (R&D systems) was added to the medium after the third week of induction. 

The medium was replaced every few days for the duration of the culture period. Normal 

human astrocytes were obtained from Lonza and cultured in Astrocyte Basal Medium 

(Lonza). For co-culturing with human astrocytes, iNs were dissociated with Accutase 

(Invitrogen) 4–6 days after viral transduction and replated onto monolayer cultures of 

human astrocytes. Human iNs co-cultured with human astrocytes were fed with N3 medium 

containing 10 ng/ml FGF2 and BDNF.

Immunofluorescence

For immunofluorescence labeling, cells were washed with PBS and then fixed with 4% 

paraformaldehyde for 10 min at room temperature. Following incubation in 0.1 M 
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glycine/PBS for 3 min and washing with PBS, cells were incubated in PBS containing 

0.25% Triton X-100 (Sigma) and 10% normal donkey serum (Millipore) for 2 hours at room 

temperature. Primary antibody incubations were conducted overnight at 4 °C. Following 

three PBS washes, cells were incubated with appropriate secondary antibodies for 1 hour at 

room temperature, followed by three PBS washes. All primary and secondary antibodies 

were diluted in a solution of PBS containing 10% normal donkey serum. Slides were 

mounted with Vectashield containing 1.5 μg/ml DAPI (4′,6-diamidino-2-phenylindole) to 

visualize nuclei. Images were acquired using a Zeiss LSM 510 confocal microscope. The 

following primary antibodies were used for the present study: mouse anti-Tuj1 (Covance, 

1:2,000), mouse anti-MAP2 (Sigma, 1:2,000), mouse anti-NeuN (Millipore, 1:200), rabbit 

anti-VGLUT1 (Synaptic Systems, 1:5,000). DyLight488-, DyLight549- and Cy3-conjugated 

donkey secondary antibodies were obtained from Jackson ImmunoResearch and all were 

used at 1:2,000.

RT-PCR and quantitative (q)RT-PCR

For RT-PCR, total RNA was isolated from human fibroblasts, day 28 iNs, and normal 

human NPCs using the RNeasy Plus kit (Invitrogen) following the manufacturer’s 

instructions. cDNAs were synthesized with using Superscript III (Invitrogen) with oligo(dT) 

and random hexamers. Human whole brain cDNA was obtained from Clontech. PCR 

products, amplified using each gene-specific primer set, were analyzed on 2% agarose gels. 

For isolated cell-based qRT-PCR, ~10 GFP-positive iNs that co-expressed DsRed driven by 

the neuron-specific synapsin promoter were collected by aspiration into patch electrodes 

with 10 mM HEPES buffer (pH 7.4) containing 150 mM NaCl, 5 mM KCl, 2.4 mM CaCl2, 

1.3 mM MgCl2, and 10 mM glucose. Cells were also selected based on their neuron-like 

morphology, which included elevated, phase-bright cell bodies and the presence of multiple 

neurites. Selected iNs were then were ejected into tubes containing cell-collection buffer 

(10% iScript RT-qPCR Sample Preparation Reagent and RNase inhibitor) and rapidly frozen 

on dry ice. Cells were collected 21–28 days following induction. For analysis, samples were 

thawed on ice and subjected to reverse-transcription using the iScript cDNA Synthesis kit 

(Bio-Rad). Quantitative PCR was performed using SsoFast EvaGreen Supermix and the 

CFX96 Real-Time PCR Detection System (Bio-Rad). Results were compared with a 

standard curve generated by serial dilutions of input DNA. Primers used are listed in 

Supplementary Table 2 and normalized to GAPDH expression. For RT-PCR with whole 

cultures of iNs, cell lysates were prepared using iScript RT-qPCR Sample Preparation 

Reagent (Bio-Rad) following the manufacturer’s instructions and were stored at −80 °C until 

use.

Electrophysiology

For electrophysiological recordings, cells were grown on 18 mm glass coverslips and 

transferred to a 35 mm dish containing the extracellular solution recording medium (140 

mM TEA-Cl, 10 mM BaCl2, 1 mM MgCl2, 10 mM glucose, and 10 mM HEPES (pH 7.35, 

325 mOsm). For calcium current recordings, patch pipettes were filled with the intracellular 

solution (125 mM CsCl, 4 mM MgCl2, 4 mM Mg-ATP, 10 mM HEPES, 10 mM EGTA, and 

1 mM EDTA (pH 7.2 with TEA-OH)). For action potential and K+ or Na+ channel 

recordings, the solutions were as follows; external solution: 130 mM NaCl, 4 mM KCl, 2 
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mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 10 mM glucose (pH 7.35, 325 mOsm); 

intracellular solution: 110 mM potassium gluconate, 20 mM KCl, 2 mM Mg-ATP, 10 mM 

sodium phosphocreatine, 1 mM EGTA, 0.3 mM GTP-Tris, and 20 mM HEPES (pH 7.25, 

320 mOsm). Electrodes were fabricated from borosilicate capillary glass tubing (Warner 

Instruments) with a capillary glass puller (Sutter Instruments). The patch electrodes were 

fire-polished on a microforge (Narishige) and had resistances of 3–5 MΩ. After establishing 

whole-cell mode recordings, the cell membrane capacitance and series resistance were 

compensated to 75% electronically using a patch clamp amplifier (Axopatch 200B; 

Molecular Devices). Current protocol generation and data acquisition were performed using 

pClamp10 software on an IBM computer equipped with an analog-to-digital converter 

(Digidata 1440A; Axon Instruments). Calcium currents were measured by depolarizing 

voltage steps conducted from −50 mV to +50 mV in 5 mV steps across a 100 ms interval. 

The resulting current amplitude traces were plotted in a current-voltage (I/V) curve, where 

the X-axis demonstrates the voltage at which the current density (pA/pF) is measured (Y-

axis). Current density is obtained when calcium current (pA) is divided by the cell 

capacitance, a proxy for the cell size (pF). Representative CaV currents in iNs from a 

number of individuals were measured using whole-cell recordings. The voltage dependence 

of activation did not differ among cell lines. Action potentials were elicited from iNs at 

various time-points following induction. Recordings were conducted on days 14, 16, 18, and 

20 post-induction, based on the neuron-like morphology and high levels of GFP expression 

of the iN cells. Once the current-clamp mode was obtained, cells were maintained at a 

potential of approximately −65 to −70 mV. Step current injection protocols were used from 

−90 to +50 pA. We conducted measurements of membrane properties in iN cells at various 

time-points after induction. These included properties such as the action potential height, 

membrane capacitance, membrane input resistance, and resting membrane potential. Inward 

sodium current and outward potassium current were measured in voltage-clamp mode with 

voltage step protocols from −50 to +50 mV.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Human iN cells display neuronal phenotypes
a. Construction of lentivirus vectors for generating iNs from human fibroblasts. b–e. Human 

iNs have neuronal morphology and express several neuronal markers, Tuj1 (b), MAP2 (c), 

NeuN (d) and hSynapsin promoter driving DsRed (e) three weeks following induction. f. 
Human iNs co-cultured with human astrocytes express a presynaptic marker, VGLUT1. g. 
RT-PCR analyses reveal human iNs express neuronal markers including FOXP2, TBR1, 

GRIN1(NR1), GABRA6, GABRB2, NTRK2 (TrkB), and SLC17A7 (VGLUT1), but not an 

inhibitory neuronal marker, SLC32A1(VGAT). h. Representative traces showing action 

potentials with injected currents. Scale bars, 50 μm.
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Figure 2. Quantification of CACNA1C mRNA levels in human iNs from different individuals 
using quantitative RT-PCR
(a) Histogram representing the fold changes in CACNA1C mRNA expression compared to 

the reference cell line GM05908. Each number within the column represents one qPCR 

experiment (~10 cells) for that line, normalized to GAPDH expression. Differences between 

cell line means were assessed using a one-way ANOVA (F = 39.77, p < 0.0001) with post-

hoc Tukey’s multiple comparisons test. GG = non-risk genotype, GA = non-risk/

heterozygous, AA = risk genotype. (b) Dot plot summary of qPCR data showing the overall 

fold change in CACNA1C mRNA expression by genotype. Each point represents an 

individual experiment (~10 cells). Numbers in brackets indicate total number of experiments 

per genotype. Differences between genotypes were assessed using one-way ANOVA (F = 

15.65, p < 0.0001) post-hoc Tukey’s multiple comparisons test. All data were recorded 28 

days after induction. Data shown are mean ± s.e.m. **p < 0.01, ***p < 0.001, ****p < 

0.00001.
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Figure 3. iNs express L-type voltage gated calcium channels measured by whole-cell patch clamp 
recordings
(a) Nifedipine (nif; 0.1 and 1 μM) dose dependently inhibited the voltage-gated calcium 

currents in iNs. (b) Voltage-dependent activation profile of calcium currents in induced 

neurons: two lines heterozygous for rs1006737 (GA, black closed circle), two lines with 

homozygous risk allele (red open square), and three lines with homozygous harboring non-

risk allele (blue open diamond). Calcium current density was plotted against the test 

membrane potentials, and calculated by normalizing current amplitude (pA) of each cell to 

its capacitance (pF) at each voltage tested. (c) Voltage-gated calcium density differs among 
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iNs with distinct genotypes at rs1006763 within CACNA1C. Data shown are mean ± s.e.m. 

Each column represents the mean current density for that cell line. Numbers in brackets 

indicate the total number of cells recorded from at least two independent inductions. 

Differences between genotypes were assessed using one-way ANOVA (F = 7.449, p = 

0.0038) and post-hoc Tukey’s multiple comparisons test. (d) Box plots of VGCC calcium 

current densities from all iNs containing AA, GA, and GG alleles at rs1006737. Box 

indicates the 25–75% of the data. The whiskers (×) indicate the 1.5 interquartile range 

(IQR), a measure of statistical dispersion or midspread. All data were recorded 15–18 days 

after induction. Differences between genotypes were assessed using one-way ANOVA (F = 

26.65, p < 0.0001) and post-hoc Tukey’s multiple comparisons test. (e) Scatter plot of the 

measured current density vs. qPCR quantification of the 24 induced neuronal lines. Pearson 

correlation coefficient was calculated between the qPCR quantification and the average 

current density of each induced neuronal line. **p < 0.01, ***p < 0.001, ****p < 0.00001.
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