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Abstract
Human neural progenitor cells differentiated from human embryonic stem cells offer a potential
cell source for studying neurodegenerative diseases and for drug screening assays. Previously, we
demonstrated that human neural progenitors could be maintained in a proliferative state with the
addition of leukemia inhibitory factor and basic fibroblast growth factor. Here we demonstrate that
96 hours after removal of basic fibroblast growth factor the neural progenitor cell culture was
significantly altered and cell replication halted. 14 days after the removal of basic fibroblast
growth factor, most cells expressed MAP2 and TUJ1, markers characterizing a post-mitotic
neuronal phenotype as well as neural developmental markers Cdh2 and Gbx2. Real-time PCR was
performed to determine the ionotrophic receptor subunit expression profile. Differentiated neural
progenitors express subunits of glutamatergic, GABAergic, nicotinic, purinergic and transient
receptor potential receptors. In addition, sodium and calcium channel subunits were also
expressed. Functionally, virtually all the NP cells tested under whole-cell voltage clamp exhibited
delayed rectifier potassium channel currents and some differentiated cells exhibited tetrodotoxin-
sensitive, voltage-dependent sodium channel current. Action potentials could also be elicited by
current injection under whole-cell current clamp in a minority of cells. These results indicate that
removing basic fibroblast growth factor from the neural progenitor cell cultures leads to a post-
mitotic state, and has the capability to produce excitable cells that can generate action potentials, a
landmark characteristic of a neuronal phenotype. This is the first report of an efficient and simple
means of generating human neuronal cells for ionotrophic receptor assays and ultimately for
electrically active human neural cell assays for drug discovery.
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1
Human embryonic stem cells (hESCs) can differentiate into human neural progenitor (hNP)
cells in the absence of bone morphogengic protein signaling and in the presence of basic
fibroblast growth factor (bFGF). Once derived, bFGF is required for hNP cell replication
over extended culture (Carpenter et al., 2003, Shin et al., 2006, Elkabetz et al., 2008). These
hNP cells present an ideal neural cell source for high throughput screening of a large variety
of pharmacological compounds (Kiryushko et al., 2004) and the differentiated progeny of
these cells were recently used to screen for compounds that act as a potentiator of α-
amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) activity (McNeish et al.,
2010). Achieving efficient and cost effective human in vitro neuronal differentiation through
the minimal use of growth factors and other alterations in the differentiation procedures
could facilitate neural drug discovery and developmental toxicology studies using hESC
neural derivatives and enabling higher throughput in these assays.

Of particular interest to the field of drug development are the ion channels, which are
required for normal functional neural activity. In vivo, mature functional neurons develop
from progenitors by migrating into place, developing neurotransmitter specificity,
developing electrical excitability and forming axons, dendrites and functional synaptic
connections. Ion channels also have been shown to play an essential role in many aspects of
neural development (Yen et al., 1993).

Developmental characterization of many ion channel subunits has been done in rodents;
however, characterization in human tissue is lacking (Jeng et al., 1991, Numakawa et al.,
2002). Fully functional neurons have been derived from mouse embryonic stem cells
(mESCs) [reviewed by (Wu et al., 2007)], but other studies have reported that cells
differentiated from mESCs had the morphology, synaptic contacts and other biochemical
markers characteristic of differentiated neurons, but lacked the voltage-dependent sodium
channels required for functional synaptic transmission (Benn et al., 2001, De Filippis et al.,
2007). hNP cell differentiation in vitro may provide a good experimental system for
elucidating the factors necessary for regulation of ion channels throughout neural
development.

Ionotropic glutamate receptors are critical for neural migration (Behar et al., 1999),
synaptogensis (Gallo et al., 1995) and neural survival (Platel et al., 2008). Glutamate
receptors are also important in mediating excitotoxicity and apoptosis (Buckingham et al.,
2008, Milanese et al., 2010). Glutamate receptor mediated excitotoxicity occurs in a wide
range of maladies including but not limited to stroke, traumatic brain injury and seizure, and
could be associated with neurological diseases such as Huntington’s disease, amyotrophic
lateral sclerosis or Parkinson’s disease (Erceg et al., 2008, Ladewig et al., 2008, Blandini,
2010, Tallaksen-Greene et al., 2010).

Previously, we derived a karotypically normal, stable, adherent monolayer of hNP cells from
WA09 hESCs (Shin et al., 2006). These cells have been characterized for their ability to
maintain multipotency and for their expression of neural stem cell marker NESTIN and lack
of expression of stem cell marker POU5F1 (Dhara et al., 2008). The hNP cells have also
been previously differentiated into all three subtypes of the neural lineage: neurons,
oligodentrocytes and astrocytes (Shin et al., 2006). Upon further differentiation in basal
conditions (without bFGF) but with leukemia inhibitory factor (LIF), greater than 90% of
the cells were TUJ1 and microtubule-associated protein 2 (MAP2) positive (Shin et al.,
2006, Harrill et al., 2010). To define the potential of hNP cells and derivatives in functional
neural drug discovery, glutamate receptor activity as well as function of other ion channel
subtypes requires electrophysiological studies.
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Here, we demonstrate that post-mitotic differentiated hNP cells express developmental
regionalization genes, as well as markers of functional neural receptors. These differentiated
hNP cells can evoke action potentials that can be blocked with tetrodotoxin (TTX) as well as
increase the intracellular calcium response when exposed to AMPA receptor potentiator,
cyclothiazide. GABAergic and glutamatergic ionotrophic receptor expression was found to
be up regulated as early as after two weeks of hNP cell differentiation. These results suggest
that these differentiated hNP cells are capable of differentiation into a functional neuronal
phenotype.

2 Experimental Procedures
2.1 hESC Cultures

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise
indicated. WA09 (WiCell Research Institute, Madison, WI). hESC line WA09 (H9) was
obtained from WiCell Research Insitute in Madison, WI. These hESCs are an NIH approved
line derived from embryos donated from in vitro fertilization clinics by James Thompson
(Thomson et al., 1998). hESCs were cultured on mouse embryonic fibroblast (MEF; Harlan,
Indianapolis, IN) feeders inactivated by mitomycin C in medium consisting of Dulbecco’s
modified Eagle medium (DMEM)/F12 medium (Invitrogen, Carlsbad, CA) supplemented
with 20% knockout serum (Invitrogen), 2 mM L-glutamine (Invitrogen), 0.1 mM non-
essential amino acids (Invitrogen), 50 units/ml penicillin (Invitrogen), 50 μ/ml streptomycin
(Invitrogen), 0.1mM (β-mercaptoethanol and 4 ng/ml bFGF (R&D, Minneapolis, MN). They
were maintained in 5% CO2 and at 37°C. Cells were passaged every 3 days by mechanical
dissociation and re-plated on fresh feeder layer cultures to prevent undirected differentiation
with daily medium changes as previously described (Kalia et al., 2004).

2.2 hNP Cell Cultures
Human neural progenitor (hNP) cells were derived from hESC line WA09 by our laboratory
as previously described (Shin et al., 2006). Briefly, after one week of culture on MEF feeder
layers, WA09 hESCs were cultured with derivation medium containing DMEM/F12
medium supplemented with 2 mM L-glutamine, 2 U/mL penicillin, 2 μg/mL streptomycin,
N2 (Invitrogen), and 4 ng/ml bFGF (R&D) for 7 days. Rosettes were selected utilizing hook
passaging from culture dishes and re-plated on polyornithine (20 μg/ml) and laminin (5 μg/
ml) coated dishes. These rosettes were propagated for 3 days on polyornithine and laminin
coated dishes in growth medium consisting of Neurobasal medium (Invitrogen)
supplemented with 2 mM L-glutamine, 2 U/mL penicillin, 2 μg/mL streptomycin, B27
(Invitrogen), 20 ng/mL bFGF, and 10 ng/mL LIF (Millipore, Billerica, MA). Medium was
changed every other day and cells were passaged every fourth day or as needed. Cells used
for this experiment were passages 22-39. To initiate hNP cell differentiation 24 hours after
the last passage, growth medium was switched to growth medium lacking bFGF
(differentiation media). Differentiation medium was changed every three days. Cells were
collected at 14 days, 35 days and 125 days for analysis.

2.3 Cell Proliferation Analysis by Carboxyfluorescein succinimidyl ester (CFSE)
Cell proliferation was analyzed using the CellTrace™ CFSE Cell Proliferation Kit
(Invitrogen) following manufacturer’s instructions. Briefly, cells were incubated for 10
minutes in 10 μM of CFSE solution at 37°C. CFSE staining was quenched with ice-cold
media. Cells were washed, re-suspended in fresh hNP cell media, re-plated at a density of
1×106 cells per 35mm dish and incubated for 0, 24 and 48 hours. At each time point, cells
were harvested, washed twice with PBS+/+ (phosphate buffered saline containing calcium
and magnesium; ThermoScientific, Whatham, MA) and analyzed on Dako CyAn flow
cytometer (Beckman Coulter, Brea, CA) equipped with a 488nm laser. Non-stained cells
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were used as a control. CFSE data were analyzed using the FlowJo software (TreeStar,
Ashland, OR) proliferation model. The half-life of mean fluorescence was determined by
fitting the mean fluorescence with the following equation:

where I is the mean fluorescence intensity, I0 is the fluorescence intensity at steady state, τ is
the characteristic time of half intensity, A is the amplitude and t is time.

2.4 Immunocytochemistry
Cells were fixed with 2% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA)
in PBS+/+ for 20 minutes and processed for immunocytochemistry. Cells were washed 3
times with PBS+/+ followed by 3 washes for 5 minutes each with permeabilization buffer
consisting of 25 μL (.05%) Tween 20 (EMD Chemicals, Gibbstown, NJ) in a 50 mL high
salt buffer solution consisting of 1M Tris base and 0.25M NaCl. Cells were then blocked in
6% goat serum (Jackson Immuno Research Laboratories, West Grove, PA) for 45 minutes.
The following primary antibodies were used: mouse anti NESTIN (1:200, Neuromics,
Edina, MN), mouse anti TUJ1 (1:200, Neuromics) and mouse anti MAP2 (1:500, Millipore).
AlexaFluor 488 and 594 goat anti-mouse (1:1000, Invitrogen) were used as secondary
antibodies to visualize primary antibody staining. Cell nuclei were stained using 4′,6-
diamidino-2-phenylindole DAPI (Invitrogen). Fluorescence was visualized using spinning
disk confocal microscope (Olympus, Center Valley, PA).

2.5 Real Time Polymerase Chain Reaction (RT-PCR)
RNA was extracted from cell cultures using the Qiashredder and RNeasy kits (Qiagen,
Valencia, CA) according to manufacturer’s instructions. RNA quality and quantity were
measured using a RNA 600 Nano Assay (Agilent Technologies, Santa Clara, CA) and the
Agilent 2100 Bioanalyzer (Agilent Technologies). Total RNA (5 μg) was reverse-
transcribed using the cDNA Archive Kit (Applied Biosystems Inc., Foster City, CA)
according to manufacturer’s instructions. Reverse transcriptase reactions were initially
incubated at 25°C for 10 minutes and subsequently at 37°C for 120 minutes. Quantitative
real-time PCR was carried out on an ABI PRISM 7900 Sequence Detection System
(Applied Biosystems, Inc) utilizing the Taqman real time PCR kit (Applied Biosystems).
For calculation of relative fold change values, initial normalization was achieved against
endogenous 18S ribosomal RNA using the ΔΔCT method of quantification (Applied
Biosystems Inc.) (Livak and Schmittgen, 2001). Average fold change from four independent
runs was calculated as 2ΔΔCT. Significance of average fold change was determined by 2-way
ANOVA with a Tukey’s Pair-Wise post-hoc test (Statistical Analysis Software, SAS, Cary,
NC). Treatments where a p-value was <0.05 were considered to be significantly different.

Primers for PCR were selected using Primer Blast (National Center for Biotechnology
Information, Bethesda, MD) and were as follows: Gapdh sense
GAGTCAACGGATTTGGTCGT antisense TTGATTTTGGAGGGATCTCG (GeneID:
12597), Mapk sense TTCCAAGGGCTACACCAAGT antisense
CAGTCCTCTGAGCCCTTGTC (GeneID: 5594), Akt sense
AACACCATGGACAGGGAGAG, antisense CAAACTCGTTCATGGTCACG (GeneID:
207), Ncam sense CAGGTCATTGTGAATGTGCC antisense
TGCCCATCCAGAGTCTTTTC (GeneID: 4684), Src sense
AGCACAACCTGACCATCCTC antisense CCACCAGTCTCCCTCTGTGT (GeneID:
6714), Cdh2 sense CTCCGCGGCCCGCTATTTGT antisense
CCAGAAGCCTCTACAGACGCCTGA (GeneID: 1000), Neurod sense
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CTAACGCCCGGGAGCGGAAC antisense TGCGGCGGAGGCTTAACGTG (GeneID:
4760), Gbx2 sense CGAGCGCGTCTATGAGCGCA antisense
GACAGCCCCGACGAGCGAAG (GeneID: 2637), Foxg1 sense
ACGAGAAGCCGCCGTTCAGC antisense TTGAAGGCCAGCTTGGCCCG (GeneID:
2290). PCR reactions were run for 35 cycles where melting was done at 95°C for 180s,
annealing done at 57°C for 30s and elongation done at 72°C for 30s. Initial melting and final
elongation were done for 180s at 95°C and 10 minutes at 72°C, respectively.

2.6 Fluorometric Imaging Plate Reader (FLIPR) Assay
FLIPR assays were performed using Molecular Devices Calcium 4 assay kit (Molecular
Devices, Sunnyvale, CA) following manufacturer’s directions. Briefly, 2X Calcium 4 dye
was prepared in a buffer containing 145 mM NaCl, 10 mM glucose, 5 mM KCl, 1 mM
MgSO4, 10 mM HEPES and 2 mM CaCl2 and diluted with an equal volume of Locke’s
buffer to make the dye incubation medium. At the start of the assay, culture media from
each well was replaced with 200 μl of dye incubation medium and incubated for 1 hour at
37°C and 5% CO2. Plates were then brought to room temperature over the course of 30
minutes. A final concentration of 100 μM AMPA, 100 μM kainic acid or 100 μM NMDA
was added to the cell plates and a fluorescence intensity baseline was recorded using the
Flexstation 3 plate reader (Molecular Devices). Then, half-log dilutions of cyclothiazide or
veratridine were added and fluorescence intensity recorded. The highest concentration of
cyclothiazide or veratridine used was 50 μM. For dose response analysis, total area under the
curve for responses was normalized to the response of 50 μM cyclothiazide or veratridine.
Dose response curves were fit to a three parameter model with a Hill coefficient of 1 using
Prism software (GraphPad, La Jolla, CA). Significance was determined by 2-way ANOVA
with a Tukey’s post-hoc test for multiple comparisons (SAS). Treatments where a p-value
was <0.05 were considered to be significantly different.

2.7 Whole Cell Patch Clamp
hNP cells were grown in the absence of bFGF on a substrate of poly-ornithine/laminin for
up to one month. hNP cells with significant neurite growth 23 days after removal of bFGF
were subjected to whole cell voltage clamp using an Axopatch 200B amplifier (Molecular
Devices, Sunnyvale, CA) and pClamp 9.2 data acquisition software for electrophysiology
(Molecular Devices, Sunnyvale, CA). The extracellular solution consisted of 139 mM NaCl,
3 mM KCl, 16 mM glucose, 1.8 mM CaCl2, 0.5 mM MgSO4, 0.5 mM NaH2PO4, 1 mM
NaHCO3, 2 mM HEPES, 1 mM NaPyruvate (Invitrogen), 0.1 mM choline chloride, and
phenol red. The pH was titrated at 7.25 with NaOH and the osmolarity was 300 mOsm. The
intracellular solution consisted of: 135 mM Kgluconate, 0.1 mM CaCl2, 1 mM MgCl2, 10
mM HEPES, 1 mM EGTA, 2 mM MgATP, 0.4 mM NaGTP, titrated to pH 7.29 and had an
osmolarity of 281 mOsm. In some cases, an equimolar amount of Csgluconate was
substituted for Kgluconate in order to block currents through potassium channels.
Experiments were carried out at 30°C in a humidified atmosphere of 5% CO2/ 95% O2. In
voltage clamp experiments, the holding potential was kept at -60 mV, but was
hyperpolarized to -100 mV 50 ms prior to the depolarization step to allow for recovery from
fast sodium channel inactivation. Current clamp experiments were done with minimal
current injection to maintain a membrane potential of approximately -70 mV prior to
injection of the depolarizing current pulse. Drugs were locally perfused around the cell using
a glass pipette with a 500 μm diameter opening positioned 100 μm from the cell.
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3 Results
3.1 hESC-derived hNP cell differentiation

hNP cells were maintained on poly-ornithine/laminin coated plates in an adherent monolayer
and were characterized by a stable expression of neural stem cell marker NESTIN in almost
all cells (Figure1A). Upon removal of bFGF from the culture medium, hNP cell
differentiation ensued. Immunocytochemical analysis indicated that at 14 days after removal
of bFGF, immature neural cell marker TUJ1 was expressed in almost all cells (Figure 1B).
MAP2 expression was observed 21 days after removal of bFGF (Figure 1C) and is an
indicator of neuron formation. Terminal differentiation is marked by the transition from a
proliferating cell type to a post-mitotic cell type. CFSE dye can be absorbed by the parent
cell and has approximately half of the fluorescence expressed in each daughter cell with
each cell division. Thus, total population doubling is represented as a decrease in relative
fluorescent units (RFU) per cell by 50% of the parent cells. Proliferation was measured in
hNP cells in the presence of bFGF every 8 hours for 48 hours after the addition of the CFSE
dye (Figure 1D). After bFGF was removed from the culture medium for 14 days,
proliferation was measured with the CFSE dye every 24 hours for 96 hours (Figure 1E). The
half-life of mean fluorescence approximates the doubling time for cell proliferation. Fitting
the decay of mean fluorescence data points, we observed a half-decay time for the hNP cell
population at 6.8 hrs (Figure 1F). In contrast, the mean fluorescence for the hNP cell
population cultured in the absence of bFGF did not decay at all, suggesting that little or no
proliferation has taken place (Figure1F). In summary, when bFGF was removed from the
culture medium the cell cycle of hNP cells was arrested in less than 96 hours followed by an
increase in pan neuronal marker expression.

Another sign of differentiation into a neuronal lineage would be machinery, which regulates
neurotransmitter production. Quantitative RT-PCR was used to compare the abundance of
transcripts from hNP cells cultured in the presence and absence of bFGF. Results were
normalized to GAPDH expression. Expression of Dat, Sert and Gad1 peaked at 14 days but
declined thereafter (Figure 2A); whereas, VACht expression plateaued 35 days after removal
of bFGF (Figure 2A). Expression of markers of synapse formation also indicate neuronal
lineage. Synaptic marker syntaxin 1A was stably expressed at its highest level at the 14 day
time point but declined between the 35 and 125 day time points (Figure 2A). Synaptophysin
peaked at 35 days after the removal of bFGF, but also declined thereafter (Figure 2A). This
followed a general trend where by day 125 in culture gene transcript levels were lower than
at previous time points. This may reflect a general decrease in cellular function and health
given that LIF was the only growth factor supporting these cultures and these cells lacked
glia as evidenced by the high proportion of cells expressing TUJ1 and MAP2. Transcripts
for endosomal markers Rab5a and CD146 were not significantly altered during
differentiation (Figure 2A). Potentially the most widely known and important potassium
genes for drug safety studies analysis of a candidate compound is Kv11.1 (hERG) potassium
channel. This gene along with the potassium chloride transporter Kcc2, initially increased by
day 14, but expression decreased significantly by 125 days after bFGF removal (Figure 2A)
again suggesting that day 125 cultured cells may be declining.

The developmental marker Gbx2 was expressed in hNP cells cultured in bFGF and LIF and
in hNP cells after bFGF was removed for 14 and 35 days but was not expressed in hNP cells
125 days after bFGF removal (Figure 2B). Transcription factor Foxg1 is present at the
initiation of telecephalon development from the single cell neuroepithelium and may work
co-operatively with FGF signaling during development (Hebert and Fishell, 2008). Yet,
significant expression of this transcription factor was not found until the 125 day time point
(Figure 2B). Cdh2, calcium dependent cell to cell adhesion marker, was observed at all time
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points in the absence and presence of bFGF (Figure 2B). Neural differentiation maker
Neurod was expressed at 14 and 21 days post differentiation (Figure 2B).

Regionalized differentiation and signaling pathway genes were expressed in the
undifferentiated hNP cells and after bFGF was removed. Mapk is a signaling factor
important for neural synaptic plasticity and hESC self-renewal and cell cycle maintenance
(Thomas and Huganir, 2004, Binetruy et al., 2007) and transcripts were present in both hNP
cells and differentiated hNP cells (Figure 2C). Akt, a signaling factor involved in axon
elongation and neuron polarity (Yoshimura et al., 2006, Read and Gorman, 2009), Ncam, a
cell adhesion molecule involved in directed growth of axons in neural development and
presynaptic function (Skaper, 2005) and in triggering neurite outgrowth through intracellular
signaling cascades (Kiryushko et al., 2004) and Src, important in fully developed neurons
for up regulating ion channel expression and in gating synaptic plasticity and potentiation
(Kalia et al., 2004) were only expressed in day 14 differentiated hNP cells (Figure 2C).

3.2 Glutamate receptor expression in hNP cells and differentiated hNP cells
The expression of ionotropic glutamate receptors might also be an indicator of neuronal
maturation. These receptors are composed of three distinct families: NMDA, kainate and
AMPA receptors. The hNP cells and differentiated hNP cells cultured in the absence of
bFGF for 2 weeks were analyzed for mRNA expression of subunits of each glutamate
receptor subtype relative to hESCs. Significant increases (p<0.05) in Grin2b were seen in
hNP cells (20 fold) and differentiated hNP cells (25 fold) relative to hESCs (Figure 3A).
Additionally, Grin1 and Grin2d were significantly increased (p<0.05) only in differentiated
hNP cells relative to hESCs, but not in undifferentiated hNP cells (Figure 3A). Of the
kainate receptors, Grik4 and Grik5 were significantly (p<0.05) increased only in
undifferentiated hNP cells relative to hESCs (Figure 3B); whereas, Grik2 was significantly
(p<0.05) increased only in hNP cells where bFGF had been removed (Figure 3B). AMPA
receptor subunits were also examined. Gria1 and Gria4 were up regulated in hNP cells
relative to hESCs (Figure 3C). Two week differentiated hNP cells showed significant
(p<0.05) up regulation of Gria2 and Gira4 relative to hESCs (Figure 3C).

To determine if functional glutamate channels exist in differentiated hNP cells, calcium
influx in response to AMPA, kainic acid or NMDA application was measured on hNP cells,
14 days after the removal of bFGF. Figure 3G indicates that NMDA could not depolarize
differentiated or undifferentiated hNP cells enough to cause significant calcium influx above
background. In contrast, AMPA and kainic acid can cause calcium influx which can be
potentiated by AMPA receptor specific modulator, cyclothiazide (50 μM, Figure 3G).
Calcium influx was detected in the presence of cyclothiazide in calcium activity as measured
(Figure 3H).

3.3 Voltage-Gated Channel Expression in hNP cells
Voltage dependent calcium and sodium channels play a critical role in action potential
generation and synaptic transmission. Calcium and sodium channel subunit expression in
hNP cells cultured in the presence and absence of bFGF was evaluated using real-time PCR.
The following subunit transcripts were significantly (p<0.05) increased in hNP cells relative
to hESCs: Cacna1h, Cacnb3 Cacnb4 (Figure 3D). Subunits significantly (p<0.05) up
regulated in day 14 differentiated in hNP cells relative to hESCs were Cacna1b, Cacn1c,
Cacna1h, Cacnb3 and Cacnb4 (Figure 3D). Sodium subunits Nav1.2, Nav1.4, Nav1.7,
Nav1.9 were significantly (p<0.05) up regulated in both hNP cells and day 14 differentiated
hNP cells relative to hESCs (Figure 3E). Additionally, Nav2.3 was significantly (p<0.05) up
regulated in hNP cells relative to hESCs (Figure 3E). In support of this, increasing
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concentrations of a sodium channel activator veratridine in a FLIPR assay on differentiated
hNP cells show an increasing calcium response (Figure 3F).

Sodium channel activity in differentiated hNP cells was measured using whole cell voltage
clamp. 81 total hNP cells cultured in the absence of bFGF from 4 to 27 days were analyzed.
Of these, 34 exhibited no fast inward currents in response to a step depolarization indicating
the absence of functional voltage gated sodium channels (Figure 4G). The remaining cells
yielded between 0.04 - 1.5 nA of inward current in response to the step depolarization
(Figures 4B and 4G). These currents inactivated rapidly in all cases (Figures 4B and 4C) and
could be abolished with the addition of 1 μM TTX (n = 3 cells; Figure 4C). Additionally,
voltage-dependent steady state inactivation (n = 11 cells; Figure 4D) and recovery from fast
inactivation (n = 5 cells; Figure 4E) were also measured in all positive cells and observed in
several of the 47 positive cells. A subset of these cells was subjected to current clamp and
action potentials were elicited by current injection (n = 8 cells, Figure 4F). In support of this,
increasing concentrations of a sodium channel activator veratridine in a FLIPR assay on
differentiated hNP cells show an increasing calcium response (Figure 4H). This probably
resulted from voltage-gated sodium channel depolarization of cells that subsequently
allowed calcium influx through calcium channels. These data indicate that differentiation of
hNP cells by removal of bFGF can lead to a neuronal phenotype that can depolarize the cell
and generate action potentials.

The 58% success rate for finding voltage-gated sodium channel function in cells tested by
whole-cell voltage clamp (Figure 4G), does not reflect the true proportion of sodium channel
positive cells in our differentiated hNP cells, but rather our ability to morphologically
distinguish these cells from negative cells by eye. An example of the morphology of a
sodium channel positive cell is shown in Figure 4A. All of the positive cells were phase
bright with a few long processes; however some of the negative cells also expressed long
processes potentially due to their timing in the differentiation process at the time of
measurement.

All cells examined with a potassium gluconate intracellular solution exhibited voltage-
dependent outwardly rectifying currents (Figure 4B). These currents were not observed for
cells in which a cesium gluconate based intracellular solution was used indicating that both
hNP cells cultured in the presence and absence of bFGF had functional potassium channels.

3.4 Expression of other ionotropic receptors in hNP cells
Although glutamate is the main excitatory transmitter in the CNS, characterization of other
neurotransmitter receptors will help determine the neuronal phenotype. We used real-time
PCR to measure the relative mRNA expression levels of nicotinic receptor subunits.
Relative to hESCs, Chrna3, Chrna5, and Fam7a3 had significantly increased transcript
levels in both differentiated and undifferentiated hNP cells relative to hESCs (p<0.05,
Figure 5A). Chrna1, Chrna4, Chrnb4 were significantly increased only for differentiated
hNP cells relative to hESCs (p<0.05). One subunit transcript, Chrna10, had a lower level of
expression in both hNP cells and day 14 differentiated hNP cells relative to hESCs (Figure
5A).

Purinergic receptors are ion channels which are activated by ATP and regulate cellular
secretions and sensory transmission (Apolloni et al., 2009). P2rx5 expression was
significantly (p<0.05) higher in both differentiated and undifferentiated hNP cells relative to
hESCs (Figure 5B); however, lower levels of P2rx2 transcripts were measured from
differentiated and undifferentiated hNP cells relative to hESCs (Figure 5B).
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TRP channels are ion channels, which are relatively non-selective for monovalent and
divalent cations and can be activated by polyunsaturated fatty acids (Talavera et al., 2008).
Trpv1 subunit transcripts were significantly (p<0.05) higher in both differentiated and
undifferentiated hNP cells relative to hESCs (Figure 5C), while Trpv1 transcripts were only
higher in undifferentiated hNP cells is also significantly (p<0.05) up regulated in
differentiated hNP cells relative to hESCs. RNA levels of the Trpv3 subunit in differentiated
and undifferentiated hNP cells were significantly reduced in comparison to hESC cells
(p<0.05, Figure 5C).

In early development, the GABA neurotransmitter acts as an excitatory signal. As the CNS
matures, GABA becomes the primary inhibitory neurotransmitter in the CNS (Laurie et al.,
1992). Gabra3 and Gabrb3 were significantly (p<0.05) reduced in differentiated hNP cells
relative to hESCs (Figure 5D).

4 Discussion
Here we developed a protocol for differentiation of hNP cells in minimal conditions that
resulted in significant increases in gene transcript levels for neuronal markers, ion channels
and ionotrophic receptors. VAChAT required only the removal of bFGF and the presence of
LIF for sustained expression. Although these same conditions yielded an initial increase in
DAT expression, the expression diminished completely by 125 days in vitro as was true for
most transcription levels measured. The addition of GDNF and LIF to these cultures
supported DAT expression (Young et al., 2010). Therefore, it is important to determine if in
the absence of bFGF and non-inductive signaling, neuronal cells with functional ion
channel, ionotrophic receptor and electrophysiological characteristics of interest to drug
discovery can be generated under these basal conditions. Previously, spontaneous firing and
repetitive action potentials has required either co-culture with murine hippocampal cells
(Ladewig et al., 2008)or astrocytes (Wu et al., 2007) or the addition of morphogens (Erceg
et al., 2008).

4.1 Comparing in vitro gene expression in hNP cells to neuron and brain development in
vivo

Early regulation of the midbrain-hindbrain boundary and the development of the midbrain
and the cerebellum are controlled by Gbx2 (Li and Joyner, 2001) which was expressed in
hNP cells as well as in cultures after bFGF was removed for 14 and 35 days. The
differentiation of the telencephalon is regulated by Foxg1’s modulation of brain
morphogenic protein and fibroblast growth factor 8 signaling (Martynoga et al., 2005, Shen
et al., 2006). In human cells bFGF promotes neural induction but not differentiation. In
addition, it is not clear how the lack of bFGF signaling influences Foxg1 expression in
differentiating human neural cells. The factors expressed in the differentiated hNP cells are
representative first (35 days after bFGF removal) of midbrain/hindbrain development
(Gbx2) then later (125 days after bFGF removal) of proper telencephalon development
(Foxg1).

Following regional organization, Cdh2 is involved in regulation of cortical neuron
differentiation in the subventricular zone (Yagita et al., 2009). Cdh2 was expressed in both
hNP cells and differentiated hNP cells at day 14, 35 and 125 of differentiation. NeuroD
expression is part of a regulatory pathway that controls early neural differentiation and
glutamatergic neurogenesis (Katayama et al., 1997, Lee, 1997, Hevner et al., 2006). This
should be absent from undifferentiated precursors, yet immediately precede glutamate
receptor expression. hNP cell differentiation somewhat mimics this time course, as NeuroD
is not expressed in undifferentiated hNP cells but is strongly expressed 14 and 35 days after
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the removal of bFGF (Figure 2B). Expression of these genes in the hNP cells differentiated
in culture may be indicative of early segmentation of the midbrain and hindbrain regions.

NMDA receptor subunits are important for the pruning of developing synapses (Yen et al.,
1993) and are also instrumental in the initiation of many forms of synaptic plasticity
(Stoneham et al., 2010). Most functional NMDA receptor subunits contain both Grin1 and
Grin2 subunits. Grin1 expression was increased in hNP cells, 14 days after initialization of
differentiation by removal of bFGF. This coincides with strong NeuroD expression. The
Grin2 subunits are expressed postnatally (Grin2a and Grin2c) or embryonically (Grin2b and
Grin2d) in mice (Watanabe et al., 1993, Takai et al., 2003) and as neurons develop
postnatally, Grin2b subunit is swapped for the Grin2a subunit (Liu et al., 2004). In the
differentiated hNP cells used in these studies, we see an increase in expression of the Grin2b
and Grin2d subunits but not the Grin2a or Grin2c subunits (Figure 3A).

NMDA receptor activity was found to be at background levels when monitored with a
FLIPR assay (Figure 3G) despite the increase in expression of some NMDA receptor
subunits at this 14 day time point. Thus, it is possible that differentiated hNP cells are
incapable of forming functional NMDA receptors at this time point. However, it is also
possible that stimulation of these cultures with 100 μM NMDA was not sufficient to
depolarize the cells enough to overcome voltage-dependent blockage by 1 mM magnesium.

AMPA receptors are responsible for the initial rapid depolarization in the excitatory
postsynaptic potential and are expressed at most excitatory synapses. AMPA receptors
lacking Gria2 are calcium permeable while those containing Gria2 have low calcium
permeability (Geiger et al., 1995). Modulation of excitatory synaptic strength at most
synapses is mediated by the movement of AMPA subunits into and out of the postsynaptic
density (Clem and Barth, 2006). Gria1-4 expression becomes segregated into distinct brain
regions at E14 (Gallo et al., 1995). In hNP cells Gria1 and Gria4 are highly expressed in
both differentiated and undifferentiated hNP cells but that Gria2 is only increased after
differentiation is initiated by the removal of bFGF (Figure 3C). The fact that Gria2
transcript levels increase in older cultures suggests that these conditions do allow normal
AMPA receptor development in hNP cells.

The physiological relevance of kainate receptors is still relatively un-elucidated. However,
they are present both presynaptically and postsynaptically in various regions of the CNS.
There are two classes of kainate receptors: Grik1 - 3 can form channels alone or in
combination with one another, but Grik4 and Grik5 can only form functional channels in the
presence of either Grik1, 2 or 3 (Gallyas et al., 2003, Ren et al., 2003). Grik1 peaks around
birth and (Bahn et al., 1994). This expression profile is somewhat mimicked in hNP cells
where expression of Grik4 and 5 are strongest in undifferentiated hNP cells but undergo a
modest decline upon differentiation (Figure 3B).

The fact that the FLIPR assay can measure AMPA receptor calcium influx may suggest that
hNP cells also have functional voltage-gated calcium channels. We observed that voltage-
gated N-type calcium channels α subunits Cacna1b and Cacna1c as well as β subunit Cacb1
had increased expression after removal of bFGF. Most N-type calcium channel subunits are
expressed beginning at E18 in vivo with the majority of expression occurring postnatally
(Jones et al., 1997).

Voltage-gated sodium channels play a major role in increasing cell excitability. Generation
of action potentials is initiated by sodium channel activation, and is a primary characteristic
used to define functional neurons. Expression of Nav1.2 is high in both differentiated and
undifferentiated hNP cells. This is consistent with the constitutive expression of Nav1.2
throughout CNS development. However, Nav1.6, Nav1.7 and Nav1.9 were expressed at
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similar levels in both differentiated and undifferentiated hNP cells; whereas, in the CNS
Nav1.6, Nav1.7, and Nav1.9 are expressed predominately in differentiated neurons and
increase postnatally (Benn et al., 2001). The subunits up regulated in the hNP cells and
differentiated hNP cells used in this study (Nav1.6, Nav1.7, Nav1.9 and Nav2.3) all have
roles in modulating neural differentiation, neural excitability and neural development (Benn
et al., 2001, Mechaly et al., 2005). Here electrophysiological results indicate that
differentiated hNP cells can generate inward currents that were blocked with TTX and can
generate action potentials (Figure 4).

GABAA receptors are chloride channels that are activated by the neurotransmitter, GABA.
Responses generated by GABA receptors are inhibitory in the mature brain; however, early
in embryogenesis the concentration of intracellular chloride is higher in some immature
neurons such that chloride flows out of the cell through GABA receptors creating an
excitatory response, which can evoke glutamate release (Culiat et al., 1994, Gunther et al.,
1995). Gabrb2, Gabrb3 and Gabrg2 subunits are expressed throughout development while
Gabrg1 and Gabrg3 expression decreases as brain development ensues (Laurie et al., 1992,
Paysan et al., 1994). The results here demonstrate a decrease in all GABAA receptor
subunits in hNP cells and differentiated hNP cells relative to hESCs.

GABAA receptor activity can be altered by currents elicited through sodium channels as
sodium and chloride ions are transported into GABAergic neurons via a sodium/chloride co-
transporter. bFGF has been shown to increase the expression of glutamate receptor subunits;
however, it has no effect on GABA receptor subunit expression (Numakawa et al., 2002).
GABAA receptor expression has been shown to reduce the proliferation of neuroblasts and
stem cells and to reduce migration (Platel et al., 2008).

The TRP channels transmit sensory information involved in hot/cold sensation, modulation
of pain and protection of neurons from oxidative stress (Talavera et al., 2008). They are
generally associated with the peripheral nervous system, but their expression in hNP cells
was largely reduced in comparison to hESC cultures (Figure 5C). These data suggest that
hNP cells may not easily differentiate into peripheral nervous system lineages using these
minimal conditions of bFGF removal.

Purinergic receptors when bound with ATP induce fast synaptic potentials (Jarvis and
Khakh, 2009). P2x4 and P2x7 subunits are expressed in microglia and can prevent
excitotoxicity in motorneurons (Apolloni et al., 2009). In this in vitro model, P2x4 subunits
are up regulated in hNP cells but down regulated in differentiated hNP cells while P2x7 is
not expressed in hNP cells or differentiated hNP cells relative to hESCs. However, under the
minimal culture conditions of this study, the P2x5 subunit is expressed in both hNP cells and
differentiated hNP cells.

Nicotinic receptors mediate fast synaptic excitation at the neuromuscular junction and are
found in neurons in the brain. The standard neural subunits are α2-10 and β2-4 and these
subunits typically form heteromeric channels, although α7 and α9 can combine to form
homomeric channels (Nashmi and Lester, 2006). All neuronal nicotinic subunits begin
expression around E11 in the rat and the expression level remains relatively constant in adult
tissue (Nashmi and Lester, 2006). In hNP cells, we observed that α5 was expressed at high
levels in undifferentiated hNP cells and expression remained unchanged after bFGF
removal. In contrast, α1, α3 and β4 transcripts were all induced after bFGF removal (Figure
5A).
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4.2 Population Heterogeneity and Lineage
In vitro differentiation is still in its infancy. Although we know that some factors such as
Foxg1 and Gbx2 are important for brain tissue development and cell migration in a three
dimensional environment, we do not yet understand how the consequences of expression of
these transcription factors in a two dimensional environment. In our study, we have found
that a minority of hNP cells can elicit action potentials after induction of differentiation by
removal of bFGF. This indicates that although all cells are in a uniform environment, they
do not all differentiate into functioning neurons; however, neither do all cells in cultured in
medium containing a full range of growth factor cocktails. Still, the fact that a minority of
hNP cells are capable of generating action potentials in our minimal culture conditions
provides a source of cells that can be maintained with the ease of a cell line and without the
upkeep of primary neuronal culture. This may provide a cost effective way for screening
large libraries of compounds in neural drug discovery provided the right pharmacological
agents are used to isolate the screening to a specific response indicative of the expressed
genes characterized here.
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CFSE Carboxyfluorescein succinimidyl ester

CNS central nervous system

DAPI 4′,6-diamidino-2-phenylindole

DMEM Dulbecco’s modified Eagle medium

GABA gamma-aminobutyric acid

hERG human Ether-à-go-go related gene potassium channel

hESCs human embryonic stem cells

hNPs Human neural progenitors

LIF leukemia inhibitory factor

MAP2 microtubule-associated protein 2

MEF mouse embryonic fibroblast

NMDA N-methyl-D-aspartic acid

PBS+/+ phosphate buffered saline with calcium and magnesium

RFU relative fluorescence unit

SAS statistical analysis software
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TRP transient receptor potential

TTX tetrodotoxin
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Figure 1. Human neural progenitor cells exhibit signs of neuronal maturation
hNP cells maintained in proliferation media express neural stem cell marker NESTIN
(green, A). When subjected to neural differentiation media for 14 days, differentiated hNP
cells express immature neural marker TUJ1 (green, B) and after 21 days differentiated hNP
cells express intermediate filament marker MAP2 (green, C). Cessation of proliferation is a
characteristic of terminal differentiation. hNP cell mean fluorescence per cell decreases with
a half time constant of 6.8 hrs (equation 1; D, F). Differentiated hNP cells did not show any
decrease in mean fluorescence per cell indicating little or no proliferation over a 96 hour
period (E,F). hNP – human neural progenitor
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Figure 2. Differentiated neural progenitor cells express markers of developmental progression
After differentiation of hNP cells for 14, 35 or 125 days, there is an increase in presynaptic
receptors and proteins necessary for functional neurotransmitter release, Dat, Sert, Herg,
Kcc2, synaptophysin, syntaxin1A and Kir4.1 (A). Embryonic neural development markers
Cdh2 and Gbx2 are observed in hNP cells and differentiated hNP cells at 14, 35 and 125
days (Cdh2) or 35 days (Gbx2, B). Differentiation marker NeuroD is expressed in hNP cells
at 14 and 35 days of exposure to differentiation media but not in hNP cells exposed to
bFGF., Telencephalic neurogenesis marker Foxg1 is seen in 125 day differentiated hNP
cells (B). Pathways involved in neural development include Mapk and Pi3k. Markers of
these pathways, Mapk, Akt, Ncam and Src are expressed in 14 day differentiated hNP cells
and Mapk is expressed in hNP cells (C). hNPs – human neural progenitor
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Figure 3. Expression of ionotropic glutamatergic receptor subunits, sodium and calcium
channels in hNP cells and differentiated hNP cells
Differentiated hNP cells show up-regulation of Grin1, Grin2b and Grin2d NMDA subunits
relative to hESCs while hNP cells only show up-regulation of Grin2d (A) relative to hESCs.
hNP cells have increased expression of kainate subunits Grik4 and Grik5 relative to hESCs,
while differentiated hNP cells Have high expression of Grik2 relative to hESCs (B). The
AMPA receptor subunit transcripts Gria1 and Gria4 are increased relative to hESCs in
proliferating hNP cells, while Gria2 and Gria4 are up-regulated relative to hESCs in
differentiated hNP cells (C). Expression of various calcium channel subunits (D) and sodium
channel subunits (E) is similar to expected in vivo expression. Sodium channel response can
also be attenuated with the addition of veratridine (F). Addition of cyclothiazide to neural
cultures yields a dose-dependent increase of the calcium response in the FLIPR assay in
with AMPA and kainic acid but not with NMDA (G,H). This increase responds in a dose
related manner (H). AMPA - α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate, NMDA
- N-methyl-D-aspartic acid, hESCs – human embryonic stem cells; hNPs – human neural
progenitor cells, * significantly different (p>0.05) relative to hESCs
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Figure 4. Differentiated hNP cells exhibit voltage-dependent, TTX-sensitive inward currents that
generate action potentials
Differentiated hNP cells grown on a substrate of laminin for up to one month and
differentiated hNP cells with significant neurite growth were isolated after 23 days of
differentiation (A). This cell was subjected to whole cell voltage clamp utilizing a potassium
gluconate based intracellular solution and elicited both voltage gated inward and outward
currents in response to depolarizing voltage steps (B, C). Inward currents from another cell
(potassium gluconate intracellular) were abolished by local application of 1 μM TTX (red
trace) while outward currents remained. Inward current recovered as TTX washed out of the
region (green trace; D). A different cell exhibited classic sodium channel steady state
inactivation by showing voltage activated inward currents that inactivated in response to a
50 ms pre-pulse at different membrane potentials. The experiment was done 27 days after
the removal of bFGF. A cesium gluconate based intracellular solution was used for this
experiment to block outward potassium currents. The membrane potential for half maximal
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inactivation by standard Boltzman fitting (red line) was -40.1 mV with a slope of 4.7 (E).
Recovery from fast inactivation utilizing a paired pulse protocol in the same cell as C. The
single exponential time constant for recovery of inactivation was 1.7 ms (red line; F). A
different cell elicited an overshooting action potential upon current injection under whole
cell current clamp utilizing a potassium gluconate based intracellular solution. Inset:
Response of the same cell under voltage clamp to a change in membrane potential from -80
mV to -10 mV elicited a peak current of 457 pA. Scale bars for inset: 5 ms, 0.2 nA (G).
Histogram of maximum peak current amplitudes elicited on depolarization from all
successfully patched differentiated hNP cells under voltage-clamp. Left-most bar indicates
cells exhibiting no inward current in response to the depolarization.. TTX – tetrodotoxin;
hNP – human neural progenitor, bFGF- basic fibroblast growth factor
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Figure 5. Expression of nicotinic, purinergic, transient receptor potential and GABAergic
subunits
Ionotropic receptors are responsible for elicting response to several stimuli. Nicotinc
receptors (A) are most commonly associated with nicotine addiction. Purinergic receptors
(B) are newly discovered and are linked to ATP activation. TRP channels (C) are sensory
channels which transmit hot/cold responses, mechanical response or mineral regulation.
GABA is the primary inhibitory neurotransmitter in the brain and has a role in modulating
signals transmitted in the brain (D). TRP – tranisent receptor potential, GABA - gamma-
aminobutyric acid, ATP – adenosine triphosphate * significantly different (p>0.05) relative
to hESCs
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