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Abstract Molecular genetic studies are typically performed on homogenized biological samples, resulting in contamination
from non-neuronal cells. To improve expression profiling of neurons we combined patch recordings with single-cell PCR. Two
iPSC lines (healthy subject and 22q11.2 deletion) were differentiated into neurons. Patch electrode recordings were performed
on 229 human cells from Day-13 to Day-88, followed by capture and single-cell PCR for 13 genes: ACTB, HPRT, vGLUT1, βTUBIII,
COMT, DISC1, GAD1, PAX6, DTNBP1, ERBB4, FOXP1, FOXP2, and GIRK2. Neurons derived from both iPSC lines expressed βTUBIII,
fired action potentials, and experienced spontaneous depolarizations (UP states) ~2 weeks before vGLUT1, GAD1 and GIRK2
appeared. Multisite calcium imaging revealed that these UP states were not synchronized among hESC-H9-derived neurons.
The expression of FOXP1, FOXP2 and vGLUT1 was lost after 50 days in culture, in contrast to other continuously expressed
genes. When gene expression was combined with electrophysiology, two subsets of genes were apparent; those irrelevant to
spontaneous depolarizations (including vGLUT1, GIRK2, FOXP2 and DISC1) and those associated with spontaneous
depolarizations (GAD1 and ERBB4). The results demonstrate that in the earliest stages of neuron development, it is useful to
combine genetic analysis with physiological characterizations, on a cell-to-cell basis.

© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.
Abbreviations: AP, action potential; MEFs, mouse embryonic fibroblasts; EB, embryoid bodies; NE, neuroepithelial (rosettes); CC,
current clamp; VC, voltage clamp; VR, resting membrane potential; RIN, input resistance.
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Introduction

Question

An understanding of the molecular genetic basis of psychiatric
disorders will be enhanced by studying gene regulation in
postmitotic human fetal neurons (Girard et al., 2012; Moore et
al., 2011b). However, when geneticists analyze the neuronal
transcriptome, the brain tissue containsmany non-neuronal cell
types, including astrocytes, oligodendrocytes, microglia, blood
cells, capillaries, endotheliumand ependymal cells (Iwamoto et
al., 2005; Mirnics et al., 2006; Mudge et al., 2008; Rollins et al.,
2009), causing an obvious contamination and dilution of the
neuronal transcriptome. Here we ask if gene analysis could be
combined with electrophysiology to eliminate the contamina-
tion by non-neuronal cells. We propose a strategy in which cells
are patched (patch-clamp), characterized electrophysiologi-
cally, stored individually and then analyzed for genes of
interest using single-cell PCR. If successful, such a strategy
would allow one to compare the gene expression profiles
between healthy and affected individuals while focusing only
on positively-identified neurons. This would not be the only
benefit of patch electrode recordings. Neurons are composed
of many subtypes. It is possible that genetic abnormalities in
schizophrenia, for example, exist only in one particular
neuron subtype (e.g. GABAergic interneurons (Benes et al.,
1991)), or at one particular time point of development, and
at one particular neuronal maturation stage (e.g. imma-
ture neuron (Jaaro-Peled et al., 2009)). Patch-clamp record-
ings can potentially segregate neurons between neuronal
subtypes and maturation stages (McCormick et al., 1985;
Moody & Bosma, 2005; Moore et al., 2009), and combined
with single-cell PCR (Esumi et al., 2006; Morris et al., 2011;
Stahlberg & Bengtsson, 2010; Vullhorst et al., 2009), these
important questions can be tackled.

iPSCs

Major ethical and practical obstacles preclude the use of
human brains in experiments. Recent advances in stem cell
technology may solve this problem (Takahashi et al., 2007).
Briefly, a small skin sample is taken from a human subject
and skin cells are converted into induced pluripotent stem
cells (iPSCs) and later differentiated into neurons (Pedrosa
et al., 2011). This method allows researchers to have access
to developing human neurons, to perform molecular char-
acterizations of neurons at different maturation stages, and
also to perform electrophysiological measurements on living
human neurons. Human neurons differentiated from iPSCs
harvested from both healthy and diseased human subjects
(Brennand & Gage, 2012; Ming et al., 2011; Pedrosa et al.,
2011) may bring us closer to understanding mental diseases
with strong neurodevelopmental components (Currenti,
2010; Jaaro-Peled et al., 2009; Karlsgodt et al., 2008;
Lewis & Levitt, 2002; Rapoport et al., 2005).

22q11.2 deletion

Although there are limitations with iPSC-derived neurons,
such a system guarantees that the proteins and potential
regulatory mechanisms of humans are encoded in the
cellular preparation, which can be used in controlled
experimental conditions. In this study we used two iPSC
lines. One line was derived from a control subject without
mental disease. The other iPSC line was derived from a
schizophrenia patient with a deletion on 22q11.2. A patient
with 22q11.2del was chosen for this study because 22q11.
2del is a distinct genetic abnormality, found in 1% of patients
with schizophrenia (Bassett & Chow, 2008). Instead of using
a typical molecular genetic approach (tissue homogeniza-
tion), here we performed patch electrode recordings on
individual neurons, characterized their maturation stage
physiologically, captured their cell bodies one at a time,
and then performed single cell qPCR analysis of mRNA
expression.

Materials and methods

Stem cell culture

Three stem cell lines were used in the current study (two iPSC
lines and one human embryonic stem cell line (hESC H9)). The
two iPSC lines were created at the Albert Einstein College of
Medicine using the Yamanaka transcription factors (c-MYC,
SOX2, Klf4, and OCT4) and both lines have been used in a
previous report (Pedrosa et al., 2011). iPSC-01 (normal,
passages 8–15) and iPSC-15 (22q11.2 deletion, passages
11–14, in reference called SZ22del15-6) cells were co-
cultured with MEFs in ES media consisting of: 80% DMEM/F12,
20% KOSR, 1 mM glutamine, 1× NEAA, 4 ng/ml bFGF, and 7 nl/
ml β-mercapto ethanol (Sigma, St. Louis). All cell culture
reagents were from Invitrogen (Grand Island, NY) unless
otherwise noted. hESC-H9 colonies were obtained from the
University of Connecticut Stem Cell Core.

Neuronal differentiation of iPSCs

Stem cell lines were differentiated using a five stage protocol
(Fig. 1A) with defined media constituents (Belinsky et al.,
2011; Iacovitti et al., 2007). This protocol does not use typical
brain region morphogens in Stages 4–5 (besides those present
in B27), and so is associated with the default production of
forebrain neurons (Zeng et al., 2010). Briefly, stem cell
colonies (Stage 1) were disassociated by collagenase, and stem
cell aggregates were incubated for four days in ES media
without bFGF on Ultralow adherence plates (Costar, Wilkes
Barre, PA) (Stage 2). 5 μMdorsomorphin (Chemdea, Ridgewood,
NJ) and 5 μM SB431542 (Ascent, Princeton, NJ) were added to
the media from Days 1 to 8. Stem cell aggregates were then
seeded on dishes coated with 1:100 Geltrex and allowed to
expand for 4–8 days in NEP-basal medium (Stage 3) until
neuroepithelial colonies appeared. NEP-basalmediumconsisted
of DMEM/F12, 1 mg/ml BSA (Sigma), 1× N2, 1× B27 supple-
ments, and 1× penicillin/streptomycin/anti-mycotic. 30 min
before selecting the resultant neuroepithelial colonies,
0.66 mg/ml ROCK inhibitor (Y27632, Wako USA, Richmond,
VA) was added to the media. Colonies with neuroepithelial
morphology were removed by trituration and seeded with
0.66 mg/ml ROCK inhibitor on glass cover slips coated with
1:100 Geltrex. Cells were grown in NEP-basal medium with
20 ng/ml bFGF for 7 days (Stage 4). Cells were then
maintained in NEP-basal medium in the presence of



Figure 1 Differentiation of two iPSC lines. A) Schematic of differentiation protocol used on iPSC to create neurons. Dm =
dorsomorphin, SB = SB431542. ES — embryonic stem cells; EB — embryoid bodies; NE — neuroepithelial colonies; and Exp.— expansion
colonies. B–C: Immunofluorescent staining of iPSC-01 (B) and iPSC-15 (C) for βTUBIII. D–E: Immunofluorescent staining of iPSC-01 (D)
and iPSC-15 (E) for NeuN, 32 days after start of differentiation. Bar = 100 μm.
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10 μg/ml BDNF (PeproTech, Rocky Hill, NJ) and 10 μg/ml
GDNF (PeproTech) (Differentiation Stage-5 and maintenance).
Media were changed every other day.

Immunofluorescence

After differentiation, cells were fixed for 30 min in 4%
paraformaldehyde. Immunofluorescence was performed using
1:1000mouse anti-NeuN (Clone 60, Millipore, Billerica, MA) and
1:1000 mouse anti-TUJ1 (Sigma T5076) antibodies. Cells were
permeabilized in 0.2% Triton TM X100 (Acros, Geel, Belgium).
Cells were washed in PBS then blocked for 1 h in 10% normal
goat serum, 0.75% BSA in PBS, then incubated overnight at 4 °C
with primary antibodies diluted in blocking solution. Cells
were washed in PBS then secondary antibodies were in-
cubated for 1 h at room temperature. Goat anti-mouse
Alexa Fluor 488 was used in 10% goat serum. Cells were
washed in PBS then incubated 10 min in 1 μg/ml Hoechst
333258 (Sigma). Cells were mounted with FluoromountG
(SouthernBiotech, Birmingham, AL).
Electrophysiology

Whole-cell patch recordings were performed as previously
described (Belinsky et al., 2011). Briefly, before recordings,
cells were transferred to an Olympus (Tokyo, Japan) BX51WI
uprightmicroscope (equippedwith infrared videomicroscopy)
and incubated in DMEM/F12, 0.075% BSA, 0.25× B27, pen/
strep/anti-mycotic, and 14 mMHEPES, pH 7.4. Individual cells
were selected for recordings based on a small round or ovoid
cell body (diameters, 5–10 μm) and typically two or more
extended processes. Pipettes (10 MΩ) were filled with an
intracellular solution containing (in mM) 135 K-glutamate, 10
HEPES, 2 MgCl2, 3 ATP-Na2, 0.3 GTPNa2, and 10 P-creatine
Na2, pH 7.3. Recordings were performed using Multiclamp
700B and Clampex 9.2 (Molecular Devices, Union City, CA). In
voltage-clamp (VC) configuration, cells were given a series of
voltage steps (duration, 50 ms) from −90 to +30 mV from a
holding potential of −70 mV. In current clamp (CC) configu-
ration we measured the resting membrane potential, and
then a negative holding direct current (in the range: −2 pA to
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−15 pA) was applied to bring the membrane potential to
approximately −60 mV. This was done to compare neurons
under identical conditions during AP firing. To assess the AP
firing pattern in current-clamp configuration, we applied a
series of current steps from −20 to +60 pA. Current intensities
were modified depending on cell's input resistance. Electrical
traces were analyzed using Clampfit 9.2 (Molecular Devices).
Peak sodium current is defined as maximal transient inward
current at any command voltage. Peak potassium current was
measured at 40 ms from the onset of the command voltage
pulse. Spontaneous activity was monitored for 5 min and was
scored as positive if at least two sustained depolarizations (UP
states) of at least two-second duration (amplitude greater
than 8 mV) were present.

Multisite calcium imaging

For single-cell calcium imaging, cells were injected with
calcium-sensitive fluorescent dye Oregon green 488 Bapta-1
[OGB1, 150 μM] mixed with fluorescent dye Alexa Fluor 594
[AF-594, 50 μM]. An epi-illumination system based on arc
lamp and shutter was used to excite the dyes. Calcium
signals were recorded on an old-type NeuroCCD-One camera
(RedShirtImaging, Decatur, GA) at 5 ms per frame (200 Hz
sampling rate). For multi-site calcium imaging the cultured
cells were initially loaded extracellularly by ejecting
membrane-permeable OGB1-AM from a glass micropipette
above the surface of the culture. This dye-loading method,
in combination with an arc lamp and 200 Hz sampling, failed
to detect spontaneous calcium signals in iPSC-01 and iPSC-15
derived neurons due to a poor signal-to-noise ratio. The
signal-to-noise ratio was improved 10-fold when the arc
lamp was replaced by a blue LED (460 nm, Luminus Devices,
Billerica, MA); ejection of dye from micropipette was
replaced with a standard dye-loading procedure; and the
old camera was replaced by a camera that allows sampling
at considerably slower rates. More specifically, for success-
ful multi-site calcium imaging cover slips were incubated
with membrane-permeable OGB1-AM for 30 min. Prepara-
tion of dye stock is as follows: OGB1-AM (Invitrogen 06807)
was dissolved in 2 μl of 20% Pluronic F-127 and 8 μl DMSO,
vortexed for 30 min, and then 90 μl DMEM/F12 was added.
3.33 μl of OGB1-AM dye stock was added directly into the
well containing 0.5 ml media. Upon washing of the dye,
cover slips were incubated at 37 °C for 20 min and then
transferred to an Olympus BX51WI microscope equipped with
custom-made LED epi-illumination system. The recording
chamber was perfused with oxygenated saline (ACSF),
which contained (in mM) 125 NaCl, 26 NaHCO3, 10 glucose,
2.3 KCl, 1.26 KH2PO4, 2 CaCl2 and 2 MgSO4. Images were
projected onto 80 × 80 pixel CCD camera (NeuroCCD-SMQ,
RedShirtImaging, Decatur, GA) and sampled at 800 ms per
frame (1.25 Hz). Optical data was analyzed using Neuroplex
software (RedShirtImaging).

Single cell PCR

Capture
After patching, the electrode was gently withdrawn, pulling
the cell off the surface of the dish. A larger diameter
capture pipette was placed in close proximity to the cell,
after which the cell was drawn in with negative pressure.
The cell and fluid were then ejected into a 0.8 μl droplet of
1 M guanidine thiocyanate (GUT) (Sigma) in water in a
microcentrifuge tube. Alternatively, the electrode with the
attached cell was broken into a tube containing 0.8 μl lysis
buffer. 20 μl volume cDNA synthesis reactions were done in
the presence of 40 mM GUT and residual chamber/electrode
solution. The following reagents were mixed: 0.375 μl of
66.7 μM oligo(dT)20 (Qiagen, Valencia, CA), 0.375 μl of
0.4 μg/μl Random Hexamers (Qiagen), 1 μl of 10 mM each
dNTP (Promega Madison, WI), 1 μl of 10 ng/μl yeast tRNA
(Sigma), 6.75 μl of water, 0.5 μl of RNaseOUT, and 1.6 μl of
RNA/cell solution. After mixing, tubes were spun briefly,
then heated 5 min at 65 °C and cooled at least 1 min on ice.
4 μl of 5× SSIII Rxn Buffer, 0.4 μl of water, 1 μl of 0.1 M DTT,
1 μl of RNaseOUT, and 2 μl of SSIII (200 U/μl) were added
and mixed, and tubes were incubated at 25 °C—5 min, 37 °C
—10 min, 50 °C—80 min, and then 70 °C—15 min. For
positive controls, human brain total RNA (Clontech, Mountain
View, CA) was used.

Pre-amplification
Primer pools of long outer primers were made in water, 1 μM
each for up to 17 genes in total. The following reagents were
mixed for 160 μl pre-amp reactions: 32 μl 5× GoTaq PCR
buffer (Promega), 9.6 μl 25 mM MgCl2, 3.2 μl 10 mM dNTP,
6.4 μl primer pool, 2.56 μl GoTaq, 86.24 μl water, and 20 μl
cDNA. The large volume is used to dilute the cDNA synthesis
components which can inhibit PCR. The 160 μl volume was
divided into two 80 μl aliquots and pre-amp PCR was
performed: 94 °C—4 min, [94 °C—30 s, 55 °C—30 s, 72 °C—
40 s] 20 cycles, and 72 °C—10 min in a Mastercycler
(Eppendorf, Hauppauge, NY). For the final qPCR, the
following reagents were mixed for a 25 μl reaction volume:
3 μl 5× PCR buffer, 0.9 μl 25 mM MgCl2, 0.5 μl 10 mM dNTP,
1 μl 10 μM mixed forward and reverse primers, 0.75 μl
10 μM Fam-BHQ probe (Sigma), 0.4 μl GoTaq, 10 μl pre-
amped cDNA, and 8.45 μl water. Samples were run on an
Eppendorf Realplex 2 with 94 °C—3 min, [94 °C—30 s, 55 °C
—30 s, 72 °C—30 s] 45 cycles, with annealing temperature
dependent on the primers. Standard curves were made using
human brain total RNA diluted to 1, 5, 10, 100, 1000, and
10,000 pg per reaction. The standard curves were used to
convert the Ct values of unknowns to pg. R2 values and linear
range for the standard curves were as follows: (ACTB, r2 =
0.999, 1–10,000 pg), (HPRT, r2 = 0.99, 5–10,000 pg),
(βTUBIII, r2 = 0.996, 5–10,000 pg), (COMT, r2 = 0.998, 5–
10,000 pg), (DISC1, r2 = 0.983, 10–10,000 pg), (DTNBP1, r2 =
0.993, 5–10,000 pg), (ERBB4, r2 = 0.999, 10–10,000 pg),
(FOXP1, r2 = 0.999, 10–10,000 pg), (FOXP2, r2 = 0.999, 100–
10,000 pg), (GAD1, r2 = 0.994, 5–10,000 pg), (GIRK2, r2 =
0.983, 5–10,000 pg), (PAX6, r2 = 0.999, 10–10,000 pg), and
(vGLUT1, r2 = 0.991, 1–10,000 pg). A fraction of samples
were in the detectable range but not in the linear range of our
assay, which prevented us from quantification of mRNA levels
per neuron. Therefore, data were presented simply as
presence or absence of a gene. Three types of negative
controls were done: no reverse transcriptase controls, no cell
controls (chamber buffer), and no input controls. False
positive rates were as follows: (gene, number of false
positives/total number of negative controls), (ACTB, 2/
27)(HPRT, 1/27), (βTUBIII, 5/27), (COMT, 0/27), (DISC1, 0/



Table 1 Screened nested primer and probe sets designed to amplify mRNA without amplifying genomic DNA. Annealing
temperatures for standard three-step PCR are shown.

Gene Outer primers 5′ to 3′, forward; reverse, (annealing temp)
Inner primers 5′ to 3′, forward; reverse, (annealing temp)
Probe

ACTB CCTCGCCTTTGCCGATCC; GATGCCGTGCTCGATGGGGT, (55 °C)
CCTCGCCTTTGCCGATCC; GCGAAGCCGGCCTTGCACAT, (55 °C)
famATGATATCGCCGCGCTCGTCGTCGAbhq

βTUBIII ACTCCCTTGAACAGGGACAGGGA; GTTCCGGGTTCCAGGTCCACCA, (55 °C)
GGGAGGAACCCCAGGCAGCTAGA; AAGTCCGAGTCGCCCACGTAGT, (55 °C)
fam ACGTGCCTCGAGCCATTCTGGTGGbhq

COMT GCCATGAACGTGGGCGACAA; TCCTTCCAGTGGTCGAGGAAGACC, (55 °C)
GCTCATCACCATCGAGATC; GGACGCTCCAACCACAAGGGTG, (50 °C)
famATTTCGCTGGCGTGAAGGACAbhq

DISC1 TGGCTCTCACAGTGCCTTTA; TGCATCTTCCTGAAGTTTCTGA, (55 °C)
TTCTCTGGATCCCTCACTGG; TGCATCTTCCTGAAGTTTCTGA, (55 °C)
famACTGCCTGCTGAGAAACCGGAGGCbhq

DTNBP1 TGAACTAGATGCAGAGCACGCCC; GGATTCAGGCCCTAAGGCGGGG, (55 °C)
CAGCAGGACATGGAGCAGTA; CATGTCCACGTTCACTTCCA, (50 °C)
famTGCCTATGGGCTCTCGCCGCTCTGbhq

ERBB4 GGAGTACTTGGTCCCTCAGGCT; GGGTGCCACTGGCTTGCGTA, (55 °C)
GCAAGAATTGACTCGAATA; CTGGAATTGTGCTAGTTG, (50 °C)
famCAGACACTCCTTGTTCAGCAGCbhq

FOXP1 CAGGTTCCCGTGTCAGTGGCTA; ACTGCTGTGATTGTTGCCTGTGGT, (55 °C)
TTTGCAGCGCCAAGGCCTTCTG; ACTTCTTTCCAGAGCTGCTGCAGT, (50 °C)
famCCGGGCAGCCTGCCCTTCCCCTTCAbhq

FOXP2 AGTGCAAATGCAGGTGGTGCAAC; CGACATGGTGACACTAGACACCAGA, (55 °C)
CAAGCAATGATGACCCAC; ACACCAGATTTAGAGGTTTG, (50 °C)
famACCCTCAGAGCCCAAACCATbhq

GAD1 (GAD67) GATGATGGGCGTGCTGTTGC; GCGGCTGGGTTGGAGATGAC, (55 °C)
CGACACCGGGGACAAGGCAATT; CCGTCGTTGAGGGCTGTCTGG, (55 °C)
famCAATGGCGAGCCTGAGCACACAAACGTCTGbhq

KCNJ6 (GIRK2) CGTCTGTTTCTGGTGTCACCGC; GGTCTCATAGGTCTCATG, (55 °C)
CTGGAAATTGTGGTCATC; GGTCTCATAGGTCTCATG, (48 °C)
famAGCCACAGGGATGACATGCCbhq

SLC17A7 (vGLUT1) CGCTACATTATCGCCATCATGAG; GGTGGGGCCCATTTGCTCCA, (55 °C)
CAGGAGGATTTATCTGTCAAAAAT; GGGTATGTGACCCCCTCTACCAAC, (55 °C)
famATGCTGATCCCCTCAGCTGCCCGCbhq

HPRT1 GACTTTGCTTTCCTTGGTCA; GGCTTTGTATTTTGCTTTTCC, (55 °C)
TCAGGCAGTATAATCCAAAGA; CTGGCTTATATCCAACACTTC, (55 °C)
famAAGCTTGCTGGTGAAAAGGACCCCbhq

PAX6 AGCCCAGTATAAGCGGGAGTGC; TCCCCCTCCTTCCTGTTGCTGG, (55 °C)
TCTTTGCTTGGGAAATCCG; CTGCCCGTTCAACATCCTTAG, (55 °C)
fam TCATACATGCCGTCTGCGCCCATCTGbhq
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27), (DTNBP1, 0/27), (ERBB4, 0/27), (FOXP1, 0/27), (FOXP2,
1/26), (GAD1, 0/27), (GIRK2, 0/27), (PAX6, 1/26), and
(vGLUT1, 0/27). To avoid false negatives, less stringent
criteria were used for ACTB, HPRT, and βTUBIII when
determining positive expression. Table 1 shows screened
nested primers, probe sets, and the annealing temperatures.
Statistics

Statistical analysis was performed using SigmaStat 2.03
(Systat, San Jose, CA). If the data were normally distributed
and the variances were equal we used Student's t-test, or
ANOVA followed by a Tukey test for pair wise comparisons. If
data points did not pass these criteria, we used a Mann–
Whitney test or Kruskal–Wallis One Way Analysis of Variance
on Ranks followed by Dunn's Method for pair wise compar-
isons. For non-parametric data, a Chi-squared or Fisher's
Exact Test was performed. A Bonferroni correction for
multiple testing was applied.
Results

A five-stage differentiation protocol and defined media
additives (Fig. 1A) were used on iPSCs from one healthy
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subject (iPSC-01) and one subject with velocardiofacial
syndrome (iPSC-15). The differentiated cells produced long
tangled masses of neurites, and both iPSC lines stained
positively for the neuronal markers βTUBIII and NeuN (Figs.
1B–E). Physiological properties were assayed from 13 to
88 days after the start of the differentiation (seeding of
embryoid bodies, EB, Fig. 1A, Day-0) (Suppl. Fig. S1). Cells
were selected for whole-cell recordings based on: [1] Cell
diameter (between 5 and 10 μm); and [2] two or more
primary processes (Fig. 2, images).

Upon injection of direct depolarizing current into the cell
body, individual cells displayed 4 general types of voltage
responses including a purely passive response (Fig. 2A),
abortive AP (Fig. 2B), single AP (Fig. 2C) and repetitive AP
(Fig. 2D). These voltage waveforms and AP firing patterns
were similar to those obtained in acute human fetal brain
slices (Moore et al., 2009), and also similar to the published
data from young hESC-derived neurons (Belinsky et al.,
2011; Perrier et al., 2004; Vazin et al., 2009). As previously
described in human fetal brain neurons (Moore et al., 2009),
the AP voltage waveform was in strict correlation with the
amount of sodium current expressed in an individual cell.
Small sodium currents (50–300 pA) were characteristic for
neurons with abortive AP. Medium size sodium currents
(300–600 pA) were characteristic for single AP; and larger
sodium currents (N600 pA) were found in neurons capable of
firing multiple APs per current pulse.

Passive cells were the most frequent physiological
category observed in both iPSC lines (iPSC-01 and iPSC-15
cells combined). Approximately 47% of all cells collected
from both lines lacked AP generative properties (Fig. 2E,
passive). The remainder of the human cells (53%) were
endowed with a regenerative spike in the form of abortive
AP, single AP or repetitive AP. A postmitotic neuron matures
by inserting voltage-gated channels into its plasma mem-
brane (Moody & Bosma, 2005). In human fetal neurons the
shape of AP depends on the amplitude of INa (Moore et al.,
2009). Cells that lack regenerative spikes (passive) and those
with weak regenerative responses (abortive AP) are less
mature than cells with full size AP. Also, cells that lack the
ability to fire repetitively (single AP) are less mature than
cells which developed that ability (repetitive AP). There-
fore, in the first approximation, the AP waveform can be
used to determine the maturation stage of a differentiating
neuron: passive → abortive → single → repetitive. The 4
maturation stages (passive, abortive AP, single AP, and
repetitive AP) showed similar distribution profiles in two
iPSC lines (Fig. 2F, Suppl. Fig. S2). No statistically significant
differences in the distribution of any of the 4 AP firing
patterns were observed between iPSC-01 and iPSC-15
(Fig. 2F; Suppl. Fig. S2).

In spite of our effort to search and locate mature neurons
based on their visual appearance (infrared video microsco-
py), we failed to identify or establish any morphological
features that would indicate a postmitotic neuron capable of
firing an AP. The shapes of cell bodies and the number of
primary processes emerging out of the cell body were not
predictive of the AP firing waveform or pattern (Figs. 2A–D).
However, positive staining for the neuronal markers βTUBIII
and NeuN (Figs. 1B–E), the presence of fast INa (Figs. 3A,B),
and characteristic AP waveforms (Figs. 2B,C,D) indicated
that functional neurons were present in our cultures.
Membrane parameters

To test for systematic physiological differences between
control (iPSC-01) and velocardiofacial syndrome (iPSC-15)
cell lines, 4 basic electrophysiological parameters were
used: the peak sodium and potassium currents (INa and IK),
input resistance (RIN), and resting membrane potential (VR)
(Suppl. Fig. S1).

Lower RIN is associatedwith neurite outgrowth and/or higher
numbers of ion channels inserted into the plasmamembrane; in
the process of neuronal maturation (Moody & Bosma, 2005). A
more negative VR is also associatedwithmature neurons (Moody
& Bosma, 2005). Summary statistics of basic electrophysiolog-
ical parameters of 229 cells in this data set are presented in
Fig. 3. Each cell was recorded in two recording modes, CC and
VC (Figs. 3A,B). The mean peak INa, peak IK, RIN, and VR for
iPSC-01 or iPSC-15 were −489 or −468 pA; 382 or 442 pA; 2.66
or 2.16 GΩ; and −27.8 or −27.8 mV respectively (Figs. 3C,D).
The measurements of resting membrane potential (Fig. 3D)
refer to values obtained immediately after the whole-cell
breakthrough and before application of negative holding
current (Belinsky et al., 2011; Moore et al., 2009). No significant
differences in RIN, VR, INa, or IK were seen when comparing the
two cell lines (Figs. 3A–D).
Spontaneous activity

In 190 cells of the present study, spontaneous electrical
activity was monitored for 5 consecutive minutes with no
interruptions in recordings. Long recording sessions are
absolutely necessary for determining the presence or
absence of UP states (Fig. 4A, UP state; Suppl. Fig. S3-D),
because spontaneous outbursts of electrical activity in
developing human neurons are interspersed by silent periods
that may last for several minutes (Moore et al., 2011a). Very
long silent periods between UP states were also found in
some animal in vitro preparations (Poskanzer & Yuste, 2011).
Based on the presence or absence of UP states in the
recordings, all cells were divided into two groups (UP States
Present and UP States Absent). Three interesting observa-
tions emerged from systematic patching of iPSC-derived
neurons. First, the fraction of cells endowed with spontane-
ous activity declined with time in culture. As weeks in
culture progressed we found fewer and fewer cells exhi-
biting spontaneous UP states (Fig. 4B). Second, cells with
repetitive AP firing were significantly more likely to have
spontaneous activity than cells lacking the ability to fire
repetitive APs (“non-repetitive cells” comprise passive,
abortive AP or single AP cells). There was a strong positive
correlation between the presence of repetitive APs and
presence of spontaneous electrical activity in the same cell
(Fig. 4C). Third, no differences were found between the two
iPSC lines regarding the frequency of cells with or without
spontaneous activity (Fig. 4D).

In three iPSC-01 neurons endowed with UP states, we
switched from current clamp (Fig. 4E1, upper trace) to
voltage clamp recording mode (Fig. 4E1, lower trace).
Voltage clamp (VC) recordings of spontaneous transmem-
brane currents showed a small number of fast synaptic
inputs on top of slower current transients (n = 3). A
side-by-side comparison with traces obtained in neurons



Figure 2 Physiological characterization of iPSC cultures. Each panel (A–D) consists of 2 segments. Top: DIC photograph of a
differentiating neuron. Scale, 10 μm. Bottom: Change in membrane potential evoked by injection of variable current pulses. To
confirm the category of the AP waveform, the intensity of the depolarizing current was increased above the threshold for generation
of a regenerative spike (gray trace). E) Based on the presence of regenerative potential (spike) the human cells from both iPSC lines
can be divided in 2 groups. F) Distribution of specific action potential waveforms between control (iPSC-01) and schizophrenia patient
(iPSC-15). Values are calculated by dividing the number of cells in each group by the total number of iPSC-01 or iPSC-15 cells. Passive
indicates lack of regenerative potential. iPSC-01 n = 106, iPSC-15 n = 123.
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from adult mice brain, where synaptic connections are fully
developed and abundant, may be useful for interpreting the
iPSC data. Using identical time and amplitude scales, a trace
from an iPSC-derived neuron (Day-47) is aligned with a trace
recorded from layer 2/3 interneuron in a brain slice
harvested from the cerebral cortex of a C57BL/6 mouse
(postnatal day 34). Compared to mature interneurons, the
spontaneous synaptic inputs in iPSC-derived neurons are less
prominent (Fig. 4E3, arrows) and appeared to be super-
imposed on slow undulations, characterized by half-widths
in the range of 3–20 s (Fig. 4E2, arrows).

Intracellular injection of calcium-sensitive dye (OGB1,
Fig. 5A1) revealed AP-induced calcium transients in iPSC-01
and iPSC-15 derived neurons (Figs. 5A2,B3). The success with
evoked APs prompted us to attempt calcium imaging during
spontaneous electrical activity. Detectable calcium tran-
sients were associated with UP states in both iPSC lines
(Fig. 5A3, asterisks), as well as in hESC-H9 line (Fig. 5C3,
asterisks). In order to test if “UP states” were correlated in
time between different neurons, indicative of network
interactions, we used extracellular loading with the calcium
dependent OGB1-AM. Successful multisite optical recordings
were performed in 51 locations (visual fields, Fig. 6A1)
distributed across 9 cover slips (hESC-H9 derived neurons,
Days 23 to 62). Within one visual field (approximately
380 × 380 μm) we could simultaneously monitor on average
29.3 ± 2 cells loaded with the calcium-sensitive OGB1-AM
dye (range 9 to 80 cells per field (n = 51 fields)). Regions of
interest (ROIs, Fig. 6A2, boxes) were placed on all OGB1-
stained cells, indiscriminately. Therefore, the ROIs include
both neurons and non-neurons present in the culture. The
calcium signals were recorded continuously for 320 s (Fig. 6A3).
Spontaneous calcium transients were detected in 21 ± 2% of
cells in the visual field (n = 51 fields) (Fig. 6A3, black traces).
Cells were deemed positive if at least one calcium transient
was detected (Fig. 6A3, ROI #2 and ROI #10). A majority of
OGB1-filled cells in culture (~80%) lacked spontaneous calcium
activity (Fig. 6A3, gray traces). In the older cultures (Days 55,
56, 57 & 62) we detected significantly fewer cells with
spontaneous Ca2+ transients than in the young cultures (Days
23, 34 and 46, unpaired t-test, p = 0.011). On Day-57, the first
5 visual fields showed unusually small percentages of
active cells (values in the range 0–6%, Fig. 6C). This
could be due to some unspecified technical problem.
Another t-test was performed comparing Day-23 against
Day-57 + Day-62, and not taking into account the 5 outlier
points. Again, older cultures contained significantly fewer
cells with spontaneous Ca2+ transients than the younger
cultures (Fig. 6C, asterisk, p = 0.034). The most striking
result of this series of experiments is an apparent lack of
synchronicity between individual cells (Fig. 6B3, vertical
lines). Physical distance between cells did not seem to play
any role in the type (amplitude, duration, frequency) or
timing of spontaneous calcium activity (Fig. 6A3, compare
the neighboring ROIs #3 and #4; ROIs #4 and #6; ROIs #6 and
#7; etc.). These data suggested that putative UP states in
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Figure 3 Lack of systematic differences between iPSC-01 and iPSC-15. A–B) Traces obtained from individual iPSC-01 and iPSC-15
during current clamp (CC) and voltage clamp (VC). C) Peak sodium and peak potassium currents were averaged across all cells within
each cell line (iPSC-01 n = 106 and iPSC-15 n = 123). D) Average input resistance and resting membrane potential. Error bars = s.e.m.
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the culture of postmitotic neurons were not solely driven
by barrages of synaptic inputs, previously described in
adult striatum and cortex experiencing UP states in vivo
(Wilson, 2008).
Figure 4 Spontaneous electrical activity. A) Each trace is a single
activity in current clamp mode. Spontaneous activity consists of plat
8–20 mV (peak amplitude), and duration in the range of 1–5 s. Su
suprathreshold (accompanied by AP firing) UP state is blown up in the
function of time in iPSC-1 and iPSC-15 cells combined together. Whe
C) Fractions of spontaneously active cells with non-repetitive APs
combined (pooled). **p b b0.001 by Chi-squared test. D) Comparin
between iPSC-1 and iPSC-15 cells. Values at base of bars indicate
spontaneous activity. Current clamp (CC) followed by voltage clamp
and Cell 2 (Day-47)). E2) Spontaneous currents are compared (on the
(upper trace, same cell as Cell 2 in previous panel) and a cortical
Command potential = −70 mV. Arrows mark slow current transients
Arrows mark fast current transients in both iPSC and mouse neurons
Gene expression

Gene expression analysis on cells captured after patch-clamp
was attempted on 160 cells belonging to both lines. Out of 160
sweep (1 out of 5 min of total recording episode) of spontaneous
eau depolarizations (UP states) that are typically in the range of
bthreshold UP states are marked by rectangular symbols. One
inset. B) Fraction of cells with spontaneous activity declines as a
n comparing weeks 2–7 vs. 8–13, *p b 0.05 by Chi-squared test.
versus those with repetitive APs. iPSC-01 and iPSC-15 cells are
g the frequencies of cells endowed with spontaneous activity
total number of cells assayed (n). E1) Sequential recordings of
(VC); performed in two iPSC-01-derived neurons, (Cell 1 (Day-14)
same scale) between an iPSC-derived human neuron in culture
interneuron in brain slice (lower trace; C57BL/6 mouse, P34).
in iPSC neurons only. E3) Same as E2, except faster time scale.
.
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captured cell bodies, 91 were positive for βACT, HPRT or
βTUBIII, and were used for further single-cell PCR on selected
genes. An absence of all three genes in the cellular material
was considered a capture-failure, and that cell was not used
for further gene analysis. In addition to the two housekeeping
genes (βACT and HPRT), the captured cells were tested for
three classes of genes: [1] developmental genes (FOXP1 and
PAX6); [2] neuronal marker genes (βTUBIII, vGLUT1, GAD1,
and GIRK2) and [3] schizophrenia-associated genes (FOXP2,
COMT, DTNBP1, ERBB4 and DISC1). We examined time points
when these 13 genes were expressed in extended iPSC-derived
neuronal culture in order to determine how the mRNA
expression changes over time and in relation to either the
neuronal maturation stage or neuronal physiological proper-
ties. Because our physiological measurements failed to detect
any principal differences between two iPSC lines (Figs. 1–3
and 4D), the iPSC-01 and iPSC-15 cells were combined into one
group. The gene expression data set is presented in a form of a
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Figure 5 Calcium transients in young human neurons. (A1) iPSC-01 line, 69 days in differentiation (Day-69), filled with OGB1 and
AF-594. Left: Infra-red DIC. Middle: AF-594 fluorescence. Right: Fluorescence captured during Ca2+ imaging by fast data acquisition
camera (80 × 80 pixels). (A2) APs were evoked by current injection in to the soma. Temporal average of the whole-cell recording
(black) is aligned with Ca2+ signals from three ROIs marked by boxes in A1. Individual whole-cell traces displayed in Suppl. Fig. S3. (A3)
Calcium imaging of spontaneous neuronal activity (red) aligned with whole-cell (black). Six sweeps are shown. Asterisks mark UP
states detected in Ca2+ recordings. (B1) Composite image of a neuron derived from the iPSC-15 line (Day-76); filled with OGB1 and
AF-594. Images captured after the electrode was removed. (B2) Same cell during Ca2+ imaging. (B3) Same as in A2. (C1) Infra-red DIC
image of hESC-H9 line (Day-68). (C2) Same cell in AF-594 channel. (C3) Same as in A3, except only one sweep shown. (C4) Same cell
(hESC-H9) — a 5 min episode of spontaneous electrical activity recorder via patch pipette.

110 G.S. Belinsky et al.

image of Figure�5


Figure 6 Multi-site Ca2+ imaging of spontaneous neuronal activity. (A1) hESC-H9 line, 46 days in differentiation (Day-46), filled with
OGB1-AM. Image captured by fast data acquisition camera (80 × 80 pixels). (A2) Boxes indicate regions of interest (ROIs) used to
display recordings in the next panel. (A3) Calcium imaging (duration 320 s). Spontaneous activity recorded simultaneously from 41
cells. Ten cells showed spontaneous fluctuations of internal Ca2+ (black traces). 31 cells did not exhibit spontaneous Ca2+ transients
(gray traces). (B1–B2) same as (A1–A2), except different cover slip. Ten out of 79 cells in this visual field exhibited spontaneous Ca2+

transients. Vertical lines mark multiple time points in which a calcium transient in one cell is not synchronized with transients in other
cells. (C) Percentage of cells with spontaneous Ca2+ transients per visual field. Each bar represents one of the 51 visual fields
recorded in 9 cover slips. Days in differentiation (Day) is indicated below the bars. Asterisk, unpaired t-test, p = 0.034. If the first 5
points on Day-57 (small values 0–6%) were included in this t-test then p-value would be more significant (p = 0.002). For a t-test
comparing combined Days 23, 34 & 46 on one side against combined Days 55, 56, 57,& 62 on the other side, then p = 0.011.

111Gene expression in individual postmitotic human neurons
scatter plot. Each cell positive for the indicated gene was
plotted versus the age of the cell at the time of capture
(Fig. 7, one cell–one diamond). Time was divided into time
bins (10 days per bin). Gray background indicates presence of
a gene in that time bin. White background indicates absence
of the gene in question. The neuronal marker βTUBIII was
present at all times in culture (Fig. 7, βTUBIII, continuous gray
background). Besides βTUBIII three other genes were
continuously expressed throughout the examined period
(Day-13 to Day-88): ACTB, HPRT and ERBB4 (Fig. 7).

In contrast to the continuously expressed genes, one specific
group of genes including: COMT, DISC1, DTNBP1, FOXP2, GAD1
and PAX6 did not appear at early stages of in vitro differenti-
ation (Fig. 7, early time periods with white background).
Although COMT and GAD1 are considered neuronal genes, the
COMT and GAD1 gene expression was clearly delayed until
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Day-29 or later; despite the presence of action potentials prior
to this (full-size action potentials were detected on Days
15–21). Action potentials only occur in neurons, and neurons
are undoubtedly postmitotic cells. These data suggested that
the expression ofCOMT,DISC1,DTNBP1, FOXP2,GAD1 and PAX6
initiates several weeks after final mitosis.

Concerning expression at later time points (55 days in
culture and longer), we found a group of genes (FOXP1,
FOXP2, vGLUT1 and COMT) that disappeared from develop-
ing human neurons (Fig. 7, white bins). An abrupt loss of
data points occurring between Days 48 and 55 and continuing
to the remainder of the experiment (Day 88) may in principle
be due to cell death. However, no sudden death of a large
proportion of the cells was noticed between Day-48 and
Day-55, when FOXP1, FOXP2, vGLUT1 and COMT expression
ceased. At the same time, other genes (e.g. PAX6, βTUBIII,
GIRK2 and DTNBP1) were normally expressed and detected
in the samples (Fig. 7, gray bins). The loss of FOXP1, FOXP2
and vGLUT1 were statistically significant (p = 0.033; p =
0.015 and p = 0.033, respectively), but not COMT (p =
0.302; Suppl. Figs. S4-A,B).

In Fig. 7, data points from two iPSC lines are combined
together in order to study the temporal pattern of gene
expression in human neurons. In Suppl. Fig. S5-A, we
separate iPSC-01 and iPSC-15 by color. The gene scatter
plot showed that both cell lines exhibited similar patterns of
age-dependent expression of the 13 genes assayed (Suppl.
Fig. S5-A), therefore the results reported so far (Figs. 1–7),
concerning the physiological properties and temporal gene
Figure 7 Time course of gene expression. Dot plot showing ages of
individual cell positive for the gene is marked by one diamond. Time
tested. Time bins are colored gray if the gene was detected in neu
assayed (in 10 day increments) regardless of gene expression. The p
background.
expression patterns in human postmitotic neurons, are
unlikely to be cell-line-specific or patient-specific artifacts.
Combining spontaneous electrical activity with
gene expression

To test for correlations between spontaneous activity and
individual gene expression we examined subsets of cells
positive for a particular gene. Based on the presence or
absence of sustained plateau depolarizations (Fig. 4A, UP
states) two categories of spontaneous activity are defined
(UP States-Present and UP States-Absent). Overall, genes
could be partitioned into those with no association to
spontaneous UP states (ACTB, HPRT, βTUBIII, vGLUT1,
GIRK2, FOXP2 and DISC1) (Fig. 8B) and those with potential
positive association with spontaneous UP states (FOXP1,
PAX6, GAD1, COMT, DTNBP1 and ERBB4) (Fig. 8C). 87% of
ERBB4+ cells displayed spontaneous UP states (Fig. 8C).
Chi-squared test showed that association between sponta-
neous UP states and ERBB4 gene expression was not by
chance (p b 0.05). When criteria for detecting spontaneous
activity were relaxed to include all cells that experienced
any type of spontaneous AP firing, with or without sustained
plateau depolarizations (Fig. 8A), the electrically active
cells were the dominant fraction among cells expressing
ERBB4 or GAD1. Fisher's Exact Test determined that these
unbalanced distributions (number of active cells much
greater than the number of silent cells) were statistically
all cells positive for the gene indicated on the left. Legend: Each
bins are colored white if the gene was not detected in any neuron
rons. At the bottom of the plot are the numbers of total cells
resence of a gene at a particular day in vitro is marked by gray
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significant for ERBB4 and GAD1 (Fig. 8D, asterisks). The
associations between spontaneous electrical activity and
gene expression (Figs. 8C,D) did not appear to be the result
of random variance. Random variance would be expected to
produce both negative and positive associations, but only
positive associations of genes with activity are present
(Fig. 8). These data indicate that the presence of ERBB4 and
GAD1 message in the cytosol may be related to the ability of
human postmitotic neurons to generate spontaneous elec-
trical activity.
Discussion

Human fetal gestation is a particularly sensitive stage of
brain development, when aberrant genetic programs are
thought to exert the most devastating impact (Lewis &
Levitt, 2002; Rapoport et al., 2005). Ethical and technical
limitations preclude systematic physiological and genetic
analysis of individual neurons in human fetuses during the
extended course of neurodifferentiation. Here we have
demonstrated the feasibility of partitioning human iPSC-
derived cells by the physiological determinants of neuronal
lineage (presence or absence of AP), neuronal maturation
stage (AP waveform) or spontaneous electrical activity
(spontaneous plateau depolarizations), and then measured
mRNA levels of thirteen genes in human neurons derived
from iPSCs. The iPSC-15 cell line was derived from a patient
with velocardiofacial syndrome and clinically diagnosed
schizophrenia. Velocardiofacial syndrome is caused by a
deletion on 22q11.2 of a region containing ~40 genes, which
is one of the most common non-lethal genomic deletions
(Meechan et al., 2011; Shprintzen et al., 2005).
Figure 8 Spontaneous electrical activity and gene expression.
plateau depolarizations). B) Subgroup of genes showing no associat
percent of gene-positive cells that either exhibit UP states (light c
associated with the presence of UP states. Majority of cells positive
states). D) Same as in C except spontaneous activity is now defined b
depolarization during 5-min recording. *ERBB4 p = 0.044 by Fisher's
Approximately one quarter of velocardiofacial syndrome
patients have schizophrenia (Murphy et al., 1999), 44% have
autism spectrum disorder or attention deficit hyperactivity
disorder, and 50% show developmental delay (Niklasson et
al., 2009). We observed no striking differences in summary
electrical properties and action potential frequencies
between the two lines (Figs. 2 & 3), consistent with the
presence of intact cellular machinery for basic neuronal
function. Indeed, if basic neuronal functions were disrupted
by the 22q11.2 deletion, a more severe disease phenotype
with a very early (childhood) onset would be expected.
Neuronal genes, gene timing and action
potential waveforms

In developing human neurons, the pan-neuronal marker
βTUBIII was frequently expressed early, from Day-13 on.
Action potentials, the unequivocal proof of neuronal
lineage, were already present from Day-15, but expression
of several neuronal associated genes, COMT, DISC1, DTNBP1,
GAD1 and PAX6, was delayed until Day-29 or later. After
Day-15, the media contained identical constituents to the
very end of the differentiation protocol (Fig. 1A, Stage-5), so
the abrupt switch in gene expression pattern on Day-29 was
not due to changing conditions. The change in gene
expression pattern around Day-29 was observed in both cell
lines (Suppl. Fig. S5-A); therefore this outcome is unlikely
due to a peculiar nature of one cell line (Graf & Stadtfeld,
2008; Young et al., 2012). The protein machinery required
for AP generation, namely insertion of voltage gated Na+ and
K+ channels into the plasma membrane (as determined by
recordings of AP firing, Figs. 3A,B), precedes the expression
A) Spontaneous electrical activity without UP states (without
ion with the presence of UP states. X-axis: gene name. Y-axis:
olumn) or not (dark column). C) Subgroup of genes potentially
for a gene from this group exhibit plateau depolarizations (UP
y presence of at least one action potential (AP), or one plateau
Exact Test; *GAD1 p = 0.013 by Chi-squared test.
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of several neuronal genes (COMT, DISC1, DTNBP1, GAD1 and
PAX6), as determined by single-cell PCR (Fig. 7). COMT
mRNA is enriched in the main population of cortical and
striatal neurons (Matsumoto et al., 2003). DISC1 is expressed
in neurons within various brain areas with two significant
peaks of protein expression at embryonic day 13.5 and
postnatal day 35, which correspond to the active neuro-
genesis period in the developing brain and the period of
rodent puberty, respectively (Schurov et al., 2004). GAD1 is
thought to be an important determinant of the GABAergic
neuron cell type. This well-delineated sequence of events,
first the appearance of functional neurons in the third week
of differentiation, then the appearance of neuronal subtypes
at the end of Week-4 gives this differentiation protocol
(Fig. 1A) utility in assessing temporal dysregulation of
subtype specification. We note that GIRK2 mRNA, a G
protein coupled inwardly rectifying K+ channel activated by
a variety of stimuli (Mark & Herlitze, 2000), is expressed
relatively early in our in vitro system on Day-22 (7 days
before neuron subtype genes vGLUT1, COMT and GAD1 are
detected) consistent with the idea that ion channel
machinery becomes functional before the final subtype
specification. The early presence of Na+ and K+ channels in
human postmitotic neurons is unequivocally demonstrated
by firing of APs (Day-15).

In Fig. 7, we have noticed an unexpected loss of
expression of 4 genes (FOXP1, FOXP2, vGLUT1 and COMT)
after Day 48. However, the experimental data on two genes
(vGLUT1 and COMT) is relatively weak. vGLUT1 and COMT
were among the least frequently detected genes — only 6
and 4 cells, respectively, in the whole data set (91 cells)
were positive for these genes. Since only 4/62 cells in Days
0–55 were positive for COMT, one would expect, on
average, only 1.8/29 cells to be COMT-positive in Days
56–88, so the absence of any COMT-positive cell in Days
56–88 could have been a random occurrence without
statistical significance; consistent with Fisher's Exact Test
(Suppl. Fig. S4-A, COMT). Similar analysis with arbitrary
selection of two time bins can be applied on vGLUT1.
Specifically, if 6/51 cells in Days 0–48 were positive for
vGLUT1, one would expect, on average 4.7 cells to be
vGLUT1-positive in Days 49–88, but 0/40 were found (Suppl.
Fig. S4-B). Regardless of what various statistical tests might
show (Suppl. Figs. S4-A,B), making a definite claim about
abrupt disappearance of vGLUT1 and COMT after Day-55 (or
Day-48) would require a larger data set.

The unexpected loss of expression of three genes (FOXP1,
FOXP2 and vGLUT1) at roughly the same time (between Days
48 and 55) testifies to our lack of understanding of either the
regulation of these genes or the survival factors necessary
for cells expressing these genes. We note that there are no
published data that specifically relate the genes that were
lost after Day-48 to one another. No change in media or
growth conditions occurred around Day-48 that would
explain loss of expression of these genes. Global gene
expression analysis has been done on neurons differentiated
from pluripotent cells (Fathi et al., 2011; Houldsworth et
al., 2002; Maisel et al., 2007; Shin et al., 2007), but we are
not aware of a time-course done on neurons to compare
changes during extended culture. The loss of expression of
several genes at roughly the same time, and in both cell lines
(Suppl. Fig. S5-A), is consistent with a coordinated process
occurring in the population of differentiated human cells.
Our results showing no overall differences between lines for
the genes examined (Suppl. Fig. S5-A) and for the electrical
parameters observed (Figs. 2F, 3 and 4D) suggest that once
lines are differentiated to neurons, random cell line
heterogeneity may be less of a problem than anticipated,
given the well-known differences between iPSC clones (Graf
& Stadtfeld, 2008; Young et al., 2012).

We did not detect any associations between gene
expression and AP firing pattern (passive, abortive, single
and repetitive-AP). This is most likely due to the fact that
young postmitotic neurons do not exhibit mature firing
patterns that clearly delineate pyramidal neurons from
GABAergic neurons (McCormick et al., 1985), for example.

Genes and spontaneous electrical activity

Spontaneous electrical activity is critical for normal devel-
opment of the central nervous system (Corner, 2008; Moody
& Bosma, 2005; Spitzer, 2006). When we examined associ-
ations between spontaneous electrical activity and gene
expression in individual cells, we determined four neuronal
genes, vGLUT1, GIRK2, FOXP2 and DISC1 that appeared
completely irrelevant to spontaneous occurrence of sustained
plateau depolarizations (Fig. 8B). However, in neurons
expressing a subset of genes (FOXP1, GAD1, COMT, DTNBP1
and ERBB4) the spontaneous plateau depolarizations were
more frequent (Fig. 8C). If this was due to normal variance
we would also expect a group of genes negatively associated
with plateau depolarizations, but this did not occur. Sponta-
neous APs and plateau depolarizations combined were
significantly more frequent among cells expressing two genes
(GAD1 and ERBB4) (Fig. 8D, asterisks). It is unclear if GAD1
and ERBB4 directly influence the neuronal intrinsic mem-
brane excitability and formation of connections necessary
for spontaneous electrical activity (Fig. 4A, upper trace),
or if their presence correlates with expression of other
genes that are directly responsible for membrane excit-
ability and neural network formation. Answering this ques-
tion would require transgenics established in animal models
(Chen et al., 2006), but not yet created in human pluripotent
cells.

An interesting link between GAD1 and ERBB4 was recently
discovered in newborn mice. In the first 8 days of life
(postnatal days 2–8), ~99% of parvalbumin-containing
neurons are positive for ERBB4, and 55% of all ERBB4
mRNA-expressing neurons are parvalbumin positive (Abe et
al., 2011; Fazzari et al., 2010), suggesting that GABAergic
interneurons employ ERRB4 receptor signaling at this stage
of brain development. Because activation of ERBB4 recep-
tors in neurons causes alteration in multiple membrane
conductances, including AMPA, NMDA, GABAA, acetylcholine
receptors and voltage-gated Na+ channels (Abe et al., 2011;
Fazzari et al., 2010; Janssen et al., 2012), it is plausible that
ERBB4-dependent mechanism is involved in the generation
of spontaneous UP states and/or repetitive AP firing in young
human neurons.

Caveat 1 — transcriptional bursts and lulls
Evidence supporting the discontinuous nature of mRNA
synthesis has led to the notion that transcription bursts and
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lulls occur at a single cell level (Suter et al., 2011; Tan & van
Oudenaarden, 2010; Yu et al., 2006). Therefore, the lack of
mRNA signal from a neuron does not mean that the cell does
not express the protein product; rather, it may mean that
the cell was captured during a lull in mRNA synthesis for a
specific message. In support of this view, Subkhankulova et al.
have found considerable transcriptional differences among
phenotypically identical neuronal precursors (Subkhankulova
et al., 2008). This phenomenon also means that quantitative
measurements ofmRNA in a single cell will fluctuate over time,
and relative expression levels must be interpreted cautiously
(Gibson et al., 2009). The variability of single-cell PCR did not
permit quantitativemeasurements ofmost genes. For example
COMTmight be expected to have a 50% lower expression level
in the 22q11 deletion; however at the current sensitivity of our
single-cell PCR procedure, we could reliably report only a
presence or absence of a specific transcript on a cell-to-cell
basis. It is still worth noting that COMTwas the least frequently
detected gene in the iPSC-15 (22q11 deletion) line (Fig.
Suppl. S5-A, red symbols).
Caveat 2 — post hoc data grouping
“When looking at study data after the fact, one can always
find subgroups that give the appearance of a positive result”
(Pittelli, 2004). This criticism is valid in genetic linkage
studies and many other studies as well, but does not apply
here. The present study introduces an important novelty in
the experimental design, in that we used an experimentally
determined physiological trait to group data (e.g. presence or
absence of spontaneous electrical activity). This is explicitly
done before gene expression profiling, thus avoiding false
associations due to random post hoc comparisons.
Caveat 3 — the best time point
In the present study, two types of data (electrophysiological
characterization and gene expression) span 76 days (Day-13
to Day-88) of human neuronal differentiation. Such data
raise several questions concerning what is the most ap-
propriate period in the differentiation protocol to assay
human neurons in order to see differences between cases vs.
controls. The advantage of using the AP as an endpoint is
that it comprises a functional transcriptional and protein
regulation network, and therefore may provide an opportu-
nity to detect differences among cells caused by many gene
interactions (Meechan et al., 2011; Mirnics et al., 2006;
Newschaffer et al., 2007; Pearlson & Folley, 2008; Rapoport
et al., 2005). Systematic patch clamp data suggest that the
cells should be compared in as short a window as possible,
because of week-to-week variability. Week-3 of the present
differentiation protocol was peculiar in several aspects. In
addition to a reversed correlation of repetitive AP cell
distribution between iPSC lines (Suppl. Fig. S2-A), there
was an apparent increase of sodium current amplitude
(Suppl. Fig. S1-A1), an increase in RIN (Suppl. Fig. S1-B1),
and an apparent outburst in the gene expressions in both
lines (Fig. 7 and Suppl. Fig. S5-A). A decline in the number
of spontaneous plateau depolarization, characteristic for
human neurons more than 8 weeks in vitro (Fig. 4B, Week-9 to
Week-13), suggests that an optimal time window for studying
membrane mechanisms of spontaneous electrical activity in a
human neuronal cell culture is Week-3 to Week-8.
The maturation sequence from passive to abortive spiking
to single spiking to repetitive spiking reflects the expression
and maturation of multiple voltage-gated Na+ and K+ as
described previously in numerous brain preparations (Moody
& Bosma, 2005). This sequence should apply to human
neurons in vitro. However, there is no clear developmental
trend in our data (Suppl. Fig. S1), except for the brief initial
increase of Na+ current amplitude (Suppl. Fig. S1-A1) and
overall increase in peak amplitude of the outward K+ current
(Suppl. Fig. S1-A2). The weak developmental trend is likely
due to two reasons. First, the data were presented without
any refinements. All recordings on a given experimental day
were included in the graphical display (Suppl. Fig. S1). As a
result, these data contain ~50% of passive non-neuronal cells
(neuron precursors, astrocyte precursors, oligodendrocyte
precursor cells). Second, and probably more important, the
proliferation of neural progenitors continues for many
weeks (as previously described in the animal and human
developing brains). As a result, the new generations of
immature human neurons constantly reappear in our cultures,
and contribute to both early and late weeks of this in vitro
protocol.

Besides neural proliferation, cell death may also contrib-
ute to weak developmental trends observed by whole-cell
recordings. Neurons with a large Na+ current or repetitive AP
firing are the most mature neurons in the population, and as
such they are most sensitive to environmental stressors
(conditions of the culture). Consistent with this idea, our
data show that at late time points there are fewer neurons
with repetitive AP firing (Suppl. Fig. S2-A), and there are
fewer neurons with spontaneously occurring plateau depo-
larizations (UP states, Figs. 4B, 6C), but there is still a
positive association with repetitive action potentials and
spontaneous activity. That is, neurons with repetitive AP
firing are less frequent in the dish, but these neurons still
have significantly greater tendency to engage in spontane-
ous depolarizations than other cells in the same culture.
Caveat 4 — number of cells captured and genes assayed
Although we have successfully performed patch clamp char-
acterization of 229 human neurons in the course of the
project, on several endpoints of the present study it is ap-
parent that statistical significance may have been missed
due to a small number of data points. Out of 229 cells, 160
were successfully lifted from the cover slip. Unfortunately,
only 91 captures produced RNA for gene analyses — based on
the criteria that at least 1 housekeeping gene must be
present if the capture were successful. Our current success
rate (91/229) suggests that the number of individually
patched cells should approach 1000 in order to achieve an
adequate number of points for statistical gene analysis
(~400), or alternatively, our post-recording capture effi-
ciency must be improved to exceed 40%. While our present
experimental effort (Figs. 1–8) provides some novel insights
into the gene dynamics of human neurodifferentiation, for
robust experimental conclusions about differences between
iPSC lines (Suppl. Figs. S2-C,D,E; Suppl. Fig. S5), the data set
must include at least 300–400 successful single-cell PCR
analysis; and as many genes as possible. Detection of N50
genes per individual cell is a practical possibility (Gibson et
al., 2009).
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Caveat 5 — modeling the human embryo
How likely is it that the developmental plan in the
isolated stem cell population (Fig. 1), which lacks many
of the inter-cellular or environmental signals for neuronal
development (such as those originating in glia or in the
extracellular matrix) recapitulates the developmental
plan in the intact embryo? How does the time course of forced
development in vitro correspond to normal development in
vivo? These two questions expose substantial limitations of the
iPSC-derived neurons for recapitulating brain development
in utero. In spite of these limitations, the experimental
models based on iPSC-derived neurons give the best
promise because human proteins and potential regulatory
mechanisms of humans are encoded in the cellular prepa-
ration. iPSC-derived neurons have been shown to reproduce
gene expression patterns, enzymatic activity and physiology
(synaptic inputs, action potentials, spontaneous activity)
previously described in human fetal brain (Belinsky et al.,
2011; Brennand & Gage, 2012; Ming et al., 2011; Pedrosa et
al., 2011). In contrast, the rodent model of brain develop-
ment has significant limitations for studying human diseases.
In terms of gene expression, the human brain has greater
complexity and gene dynamics compared to rodent, especially
in development (Kang et al., 2011). Mental patients (donors of
iPSC lines) have mental deficits that are difficult to reproduce
in rodents. It is possible that human mental function and
deficits inmental function are embodied precisely in the set of
genes that separate humans from rodents. These may be
the reasons why thousands of research laboratories around
the world are adopting human iPSC for studying the
etiology of mental disorders with strong neurodevelopmental
component.

Conclusions

1. In the earliest stages of neuron development, genetic
analysis should be combined with physiological charac-
terization on a cell-to-cell basis toward the following
benefits:

[a]. Analyzing gene expression in positively identified,
individual, neurons is not convincing in the absence
of patch-clamp recordings. Patch-clamp recordings
determine neuronal lineage quickly and with 100%
certainty (AP firing).

[b]. Comparing gene expression between less mature versus
more mature human neurons is impossible without
combining patch-clamp recordings and single-cell PCR,
because neighboring human neurons in culture exhibit
very different firing properties (passive, abortive AP,
single AP and repetitive AP) (Belinsky et al., 2011).
Similar superposition of immature and mature neurons
was described in human fetal cortex during second
trimester of gestation (Moore et al., 2009).

[c]. Comparing gene expression in individual neurons with
and without spontaneously occurring sustained depo-
larizations (“UP states”) is only possible when combin-
ing single-cell PCR with electrophysiology (Figs. 4 and
8).

2. The clear upregulation and subsequent downregulation
of specific neuronal genes at particular time points in the
differentiation protocol introduce a new parameter
(temporal dynamics of gene expression) for studying
and understanding aberrant genetic programs in neuro-
developmental diseases. For example, human neurons in
both lines gained the ability to fire APs before neuronal
type markers vGLUT1 (glutamatergic), GAD1 (GABAergic)
and GIRK2 (midbrain dopaminergic neurons, cerebellar
granule cells, thalamus, hippocampus and hypothalamus)
were detected in the cytosol. Also, 3 genes (FOXP1, FOXP2
and vGLUT1) were completely lost after ~55 days in
culture, in contrast to other genes that continued to be
normally expressed in the same culture.

3. Systematic patch electrode recordings determined that
control iPSC-01 and schizophrenic iPSC-15 lines were
similar in regard to basic electrical parameters of input
resistance, peak Na+ and K+ currents and resting mem-
brane potentials. However, among cells that were suc-
cessfully captured for single-cell PCR analysis (n = 91),
cells with repetitive-APs were more abundant in the
iPSC-15 line, and this result was consistently obtained
from Week-4 to Week-11 (Suppl. Fig. S2-A). This result
does not prove that schizophrenia neurons tend to fire
more than control neurons. To prove this, one must
perform systematic patch-clamp recordings in many cell
lines derived from many schizophrenia patients. The result
from the present study only demonstrates the versatility of
patch-clamp recordings for detecting systematic differ-
ences between iPSC lines.

4. With the exception of the aforementioned differences, the
similarity in the differentiating neurons from two different
patients, regarding both the overall electrical properties
and temporal gene expression patterns, indicates that
once cells are differentiated to neurons, random hetero-
geneity between iPSC lines may not be as problematic as
anticipated (Graf & Stadtfeld, 2008; Young et al., 2012). It
is important to emphasize that we base this conclusion on
experiments in which neurons were selected by visual
appearance, transmembrane currents and AP firing (Figs. 2
and 3). In contrast, gene expression studies based on cell
population-homogenization are prone to detect differ-
ences between individual iPSC lines, likely due to variable
efficiencies of neuronal differentiation and the presence
of non-neuronal cells in the homogenate.

5. Two genes (GAD1 and ERBB4) were associated with
spontaneous electrical activity in the differentiating human
neurons derived from two human subjects with different
genetic and psychiatric traits (iPSC-01 and iPSC-15),
demonstrating the utility of our strategy.
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