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Abstract
Calcium, the most versatile second messenger, regulates essential biology including crucial cellular events in embryogenesis. We
investigated impacts of calcium channels and purinoceptors on neuronal differentiation of normal mouse embryonic stem cells
(ESCs), with outcomes being compared to those of in vitro models of Huntington’s disease (HD). Intracellular calcium
oscillations tracked via real-time ﬂuorescence and luminescence microscopy revealed a signiﬁcant correlation between calcium
transient activity and rhythmic proneuronal transcription factor expression in ESCs stably expressing ASCL-1 or neurogenin-2
promoters fused to luciferase reporter genes. We uncovered that pharmacological manipulation of L-type voltage-gated calcium
channels (VGCCs) and purinoceptors induced a two-step process of neuronal differentiation. Speciﬁcally, L-type
calcium channel-mediated augmentation of spike-like calcium oscillations ﬁrst promoted stable expression of ASCL-1 in
differentiating ESCs, which following P2Y2 purinoceptor activation matured into GABAergic neurons. By contrast, there was
neither spike-like calcium oscillations nor responsive P2Y2 receptors in HD-modeling stem cells in vitro. The data shed new
light on mechanisms underlying neurogenesis of inhibitory neurons. Moreover, our approach may be tailored to identify
pathogenic triggers of other developmental neurological disorders for devising targeted therapies.
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The process by which a single-cell zygote becomes a complex multicellular individual is modulated by various biological variables that converge into a perfect regimen of
embryonic development [1, 2]. Embryonic stem cells (ESCs)
have the intriguing capability of stimulating the in vitro
development of the three embryonic germ layers that later
originate mature cells of an adult organism. In addition,
ESCs are easily propagated and differentiated in vitro, and in
suspension, ESCs tend to form embryoid bodies (EBs) and
complex structures that mimic mini-organs with oriented
axes, resembling developing embryos [3].
Furthermore, in vitro culture of ESCs recapitulates the
signaling pathways involved in the neuronal phenotype
determination that occurs during central nervous system
(CNS) and embryo development [4–6]. During brain
development, the temporal and spatial generation of different neuronal types from neural precursor cells (NPCs)
occurs through successive stages in which neural stem cells
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(NSCs) differentiate into NPCs and then into neuroblasts.
During these developmental processes, environmental and
cellular signaling molecules control proliferation, survival
and cell fate choice. Many different subtypes of neurons,
such as serotoninergic, dopaminergic, GABAergic, cholinergic and glutamatergic neurons, are derived from NPCs.
The mechanisms, by which stem cells produce a variety of
neuronal subtypes, are still under investigation [7].
Even at the earliest stages of brain development, speciﬁc
neurotransmitter receptors are expressed by the progenitor
cells of the developing CNS. Many studies have provided
evidence that signaling initiated by extracellular nucleotides
(EXNs), such as ADP, ATP and UTP, is important for
neurogenesis and neuronal differentiation [8–14]. The
mechanisms underlying the effects of these molecules have
never been thoroughly investigated. However, they will be
analyzed in detail in the present work.
EXNs bind to and activate purinergic receptors, which are
divided into two different subtypes according to their ligands:
P1 and P2 receptors [15, 16]. P1 receptors are metabotropic
receptors activated by adenosine. P2 receptors are subdivided
into two classes based on their structural properties: (1) P2X
receptors are ionotropic ligand-gated receptors formed by
three subunits of the P2X1–P2X7 subtypes that are permeable
to cations (Na+/K+/Ca2+) and are activated by ATP and its
analogs, and (2) P2Y receptors are metabotropic receptors (of
which the P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11 subtypes
are Gq/G11 protein-coupled, and P2Y12-14 receptors are
coupled to Gs or Gi proteins) that trigger Ca2+ release from
the endoplasmic reticulum (ER) through inositol 1,4,5-triphosphate (IP3) [15, 17, 18]. Both P2X and P2Y receptor
activation induces oscillations in intracellular Ca2+ concentrations ([Ca2+]i), promoting speciﬁc signal transduction
cues and cellular responses.
Neurons undergo Ca2+ inﬂux and mobilization of intracellular Ca2+ stores, resulting in two main types of spontaneous [Ca2+]i patterns depending on neural gene
expression and activity. As described by Spitzer et al. [19]
in studies on Xenopus laevis, wave-like oscillations show
small [Ca2+]i amplitudes, low frequencies and an approximate duration of 30 s. These oscillations occur upon activation of ryanodine receptors (RYRs) and IP3 receptors
(IP3Rs) under resting potential conditions and spread to
neighboring cells by gap junctions, thereby losing strength
as they depart from the origin point [19, 20]. Spike-like,
high-amplitude oscillations depend on extracellular Ca2+
inﬂux through activation of voltage-gated Ca2+ channels
(VGCCs), including L-type channels; the oscillations last
~10 s and subsequently propagate throughout the entire
length of the excitable cell [21]. Neurons in culture exhibit
low-frequency spike transients, as do stem cell models
subjected to neuronal differentiation [9, 22], in order to
regulate gene expression and to progress neural

differentiation and phenotypic speciﬁcation through transcription factor recruitment [23–26].
The importance of VGCCs in early development has
already been reviewed [27]. Calcium channels are expressed
from the oogenesis stage on, earlier than egg fertilization. In
addition, they play important roles in neurotransmitter release
and are located at synaptic terminals [28]. Cav2.1 is a N-type
Ca2+ channel and is more highly expressed in the early stages
of development. Moreover, activation of the N-type calcium
channel and P/Q-type calcium channel (Cav2.2) subunit
interaction with laminin 2 causes an inﬂux of calcium through
the growth cone, inhibiting synapse formation [29]. R-type
Cav2.3 channels may control neuronal viability, as they are
implicated to participate in neurodegenerative diseases
[30–32]. Expression downregulation of L- and N-type calcium channels in favor of P/Q- and R-type calcium channels
during neuronal maturation has already been shown [33].
Direct modulation of transcription factors by spontaneous [Ca2+]i oscillations, providing a cellular clock, has
never been studied in real time due to methodological
limitations. Therefore, we developed a time-lapse imaging
approach that records [Ca2+]i and transcription factor
(neurogenin (Ngn) 2 and ASCL1) expression in real time
using transgenic cell lines speciﬁcally designed for this
procedure. The obtained results show that modulation of
[Ca2+]i oscillations and ASCL1 expression patterns
increases the yield of GABAergic neurons.
Huntington’s disease (HD) is characterized by substantial
loss of GABAergic neurons in the basal ganglia leading to
motor, mood and cognitive impairments as well as to disorganized and uncontrolled movements [34, 35]. HD is an
autosomal dominant inherited disease caused by at least 35
repetitions of the N-terminal CAG trinucleotide (coding
for glutamine) in the huntingtin gene (Htt) [36]. Recent
studies have correlated longer CAG repeats to earlier
symptom onset and a possible neurodevelopmental
origin [37].
Here, VGCC- and purinergic receptor-induced modulation of [Ca2+]i oscillations in neurogenesis and HD was
studied in mouse CRISPR/Cas9-modiﬁed ESCs and
induced pluripotent stem cells (iPSCs) from HD patients
induced to undergo neuronal differentiation. Our ﬁndings
highlight the importance of EXNs and [Ca2+]i oscillations
in cell fate commitment to GABAergic neurons, providing a
pharmacological target for HD therapy.

Materials/subjects and methods
Culture and differentiation of E14Tg2A mouse ESCs
The commercially available E14Tg2A ESC line (ATCC®
CRL-1821™) was ﬁrst isolated by Hooper et al. [38] and
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further characterized by Magin et al. [39]. The cells were
grown as described by Fornazari et al. [40]. For induction of
EB formation (day 0), 5 × 106 cells were cultured for 48 h in
90 × 15 mm2 nonadherent plates in DMEM supplemented
with 20% FBS, 1% nonessential amino acids, 0.1 mM βmercaptoethanol, 2 mM sodium pyruvate, 1% nonessential
amino acids and 10 mM HEPES (pH 7.4), at 37 °C in a
water-saturated atmosphere containing 5% CO2. Following
substitution of the culture medium (day 2), the cells were
cultured as a suspension for 4 additional days (until day 6)
in the presence of 5 µM all-trans retinoic acid (RA) to
induce neuronal differentiation. The EBs were seeded in
125 mm2 adherent cell culture ﬂasks previously coated with
50 μg/ml laminin, and grown for an additional 2–12 days
(days 10–20) in DMEM/F12 (Gibco) supplemented with
FGF-β (10 ng/ml, Sigma-Aldrich) and N2 supplement (1%
v/v, Gibco Thermo Fisher Scientiﬁc).

Protein extraction and western blotting assays
For preparation of cell lysates, undifferentiated and
neuronal-differentiated E14Tg2A cell lysates were prepared
in the presence of a protease inhibitor cocktail (Thermo
Fisher Scientiﬁc) and phosphatase inhibitors (2 mM orthovanadate and 5 mM sodium ﬂuoride, Thermo Fisher Scientiﬁc) as described previously [41, 42]. Thirty micrograms
of protein in sample buffer was separated by SDS-PAGE
and transferred onto nitrocellulose membranes (Thermo
Fisher Scientiﬁc) as described previously [42]. The membranes were then incubated with primary antibodies against
phospho-S133 CREB (monoclonal rabbit, 1:500, Abcam),
hnRNP K (monoclonal mouse, 1:1,000, Santa Cruz Biotech) and β-actin (1:1,000, Sigma-Aldrich) overnight at
4 °C. The membranes were then washed and probed with
the appropriate secondary antibodies (Alexa Fluor 488 or
647; Life Technologies) for 1 h under agitation at room
temperature. The primary and secondary antibodies were
diluted in 1% BSA and TBS-T. The membranes were
washed in TBS-T and scanned with a Typhoon Imager (GE
Healthcare). The resulting bands were subjected to densitometric analysis using the ImageJ software. The phosphorylated CREB staining intensities were normalized to
the β-actin levels, and then the nuclear phosphorylated
CREB levels were normalized to the total phosphorylated
CREB levels (cytosolic plus nuclear).

Ca2+ imaging in single E14Tg2A ESCs
Undifferentiated and differentiated E14Tg2A ESCs were
loaded with 5 μM Fluo-3AM, and Ca2+ imaging was performed as previously described [43]. Ca2+ inﬂux was monitored in cells stimulated with 10 µM BzATP (a P2X7
receptor agonist), 1 µM 2SUTP (a P2Y2 receptor agonist),

1 µM thapsigargin (an ER Ca2+ store depletor), 2 mM EGTA
(an extracellular Ca2+ chelator), 1 µM isradipine (a L-type
VGCC blocker) or 500 nM xestospongin C (XeC; an IP3
receptor inhibitor). At the end of the experiment, ionomycin
was used to determine maximal ﬂuorescence and cell viability
followed by 50 µM EGTA to determine minimal ﬂuorescence
values after ionomycin application. In total, 40 cells were
analyzed for each data point, and changes in [Ca2+]i were
determined as mean variations between the Fluo-3 ﬂuorescence intensities obtained during the stimulus (F) and the
resting state (Fo), normalized by the basal ﬂuorescence (Fb),
as follows: (F-Fo)/Fb. For quantiﬁcation of [Ca2+]i levels, we
used the following formula: [Ca2+]i = Kd × (Fb-Fmin)(FmaxFb), where Fmin is the ﬂuorescence intensity of the indicator
in the absence of Ca2+ (EGTA), Fmax is the ﬂuorescence of
the Ca2+-saturated indicator (ionomycin), Fb is the emitted
ﬂuorescence intensity under basal conditions, and Kd is the
dissociation constant for Fluo-3AM-Ca2+ binding, which is
325 nM. Mean values ± standard errors of the mean (SEM)
values were plotted and analyzed by one-way ANOVA with a
signiﬁcance threshold of p ≤ 0.05.

Ca2+ measurements by microﬂuorimetry
Changes in [Ca2+]i were determined by microﬂuorimetry
using the FlexStation III (Molecular Devices Corp.) following
the instructions of the manufacturer [44]. Brieﬂy, for undifferentiated cells, the cells were seeded the night before starting
the experiment at a density of 3–5 × 104 cells/well. For 8-day
differentiated cells, 5 EBs/well were seeded in 96-well black
microplates with clear bottoms, with 100 μl of cell culture
medium per well. The cells were incubated with reagent from
a FLIPR Flex Station Calcium Assay Kit (Molecular Devices
Corp.) as previously described [42]. Modulators (BzATP,
ATP, KCl and BayK8644) were applied to the cells, and
[Ca2+]i transients were determined as the peak ﬂuorescence
intensity minus the basal ﬂuorescence intensity using
the SoftMax2Pro software (Molecular Devices Corp). Data
are expressed as the mean values ± SEM.

Analysis of membrane potential variation by
microﬂuorimetry
Changes in membrane potential were determined by
microﬂuorimetry using the FlexStation III microplate reader
and the FLIPR Membrane Potential Assay Kit (Molecular
Devices Corp) according to the instructions of the manufacturer, as described previously [45, 46]. Results obtained
with this kit are in good correlation with those obtained in
patch-clamping assays. Samples were measured at 1-s
intervals for 120 s after 30 s of monitoring basal ﬂuorescence intensity as a measure of the membrane potential of
resting cells. A depolarizing agent (KCl and either BzATP
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or ATP) was added to the cells in the presence or absence of
the L-type VGCC inhibitor isradipine (1 μM). Responses to
agent addition were calculated as the peak ﬂuorescence
minus the basal ﬂuorescence. Fluorescence intensity was
determined using the SoftMax2Pro software (Molecular
Devices Corp.). Data are expressed as the mean values ±
SEM.

Immunoﬂuorescence staining assay
Immunoﬂuorescence detection of proteins was speciﬁcally
performed by immunolabelling various differentiation
stages, and E14Tg2A cells were grown and induced to
differentiate on rounded coverslips (1 cm in diameter). Cells
were prepared as described previously [42] and exposed to
primary antibodies, including rabbit polyclonal anti-TUJ1
(1:200, Millipore), mouse monoclonal anti-Doublecortin
(DCX) (1:100, Santa Cruz Biotech), rabbit polyclonal antiGAD65/67 (1:500, Millipore), GFAP (1:1,000, Dako), antityrosine hydroxylase (TH; 1:100, Santa Cruz Biotech.),
anti-GABA (1:100, Santa Cruz Biotech.), MASH1/ASCL-1
(1:100, Santa Cruz Biotech.), anti-phosphorylated CREB
(1:250 Abcam), anti-L-type VGCC (1:500 Abcam) and
anti-Nestin (1:1,000 Millipore) antibodies. As secondary
antibodies, we used Alexa Fluor 488- or 555-conjugated
goat anti-mouse or anti-rabbit antibodies (1:800, SigmaAldrich). In control experiments, the primary antibodies
were omitted, and immunostaining was never detected.
Counterstaining of cell nuclei was achieved with 6diamidino-2-phenylindole (DAPI, 300 nM). Samples were
examined on a confocal microscope (Zeiss LSM 780-NLO
Multiphoton) and analyzed with LSMib software
(Zeiss) and StrataQuest (TissueGnostics, Austria) software.

Real-time polymerase chain reaction (PCR)
Total RNA was extracted from undifferentiated cells and
ESCs subjected to 8 days of neuronal differentiation using
TRIzol Reagent (Invitrogen) following the manufacturer’s
instructions. All samples were processed, and real-time
PCR was performed as previously described [42] with primers in Table 1. The comparative 2-ΔΔCT method was
employed for relative quantiﬁcation of gene expression as
described previously [42, 45] using glyceraldehyde-3phosphate dehydrogenase (GAPDH) gene expression as
an internal standard for normalization.

promoter and exons 1 and 2 of Ngn2 fused to luciferase
(pNgn2-LUC2) as a BAC DNA was described ﬁrst by the
Kageyama group; we subcloned this construct into a Tol2pPGK-mCherry-NLS-IRES-Puro backbone vector (T2a-MCPuro vector). Subcloning was performed in two steps. The ﬁrst
involved 5′ and 3′ pNgn2-LUC2 homology arm (HA) synthesis by PCR using the primers 5′HA forward (gtcgacCTAATTAGACAGATCTGAGTGCGG), 5′HA reverse (gcg
gccgcTGCTAACCATGAAGACCAGAGG), 3′HA forward
(gcggccgcCTGGGAACACAGGGCTATGC), and 3′HA
reverse (gaattcCCATCTAGAAGAACAGAAGAACGGG)
and insertion into the T2a-MC-Puro vector by SalI and BamHI
enzymatic digestion followed by ligation into the multiple
cloning site using a DNA Ligation Kit, Mighty Mix
(TaKaRa). The second cloning step involved substitution of
the Ngn2-LUC2 sequence into the T2a-MC-Puro vector
through homologous recombination with the homology arms.
DNA sequences were identiﬁed with the BigDye Terminator v3.1 Cycle Sequencing Kit on the ABI PRISM 3100
Genetic Analyzer using the following primer sequences: 1luc2_5F: GTGGACATTACCTACGCCGAG, 2-luc2_5R:
CTTCATAGCTTCTGCCAGCCG, 3-Seq7_luc2: TGCTCA
TGTACCGCTTCGAGG, 4-luc2_3F: TGTGTTCGTGGAC
GAGGTGCC, 5-luc2_3R: GTCCAACTTGCCGGTCAGT
CC, 6-Ngn2_rev: ATCAAGAAGACCCGCAGGCTC, and
7-Ngn2_for: CTCTAGATACAGTCCCTGGCG. The sequences were checked for mutations by alignment analysis
using a plasmid editor (ApE; RRID: SCR_014266).
The plasmid Ngn2-LUC-t2a-mCherry-Puro with a size
of 15 kb was transfected into undifferentiated ESCs using
the ViaFect Transfection Reagent (Promega) and 3.6 μg of
DNA template in Opti-MEM (Gibco). At 4 days posttransfection, puromycin (1 μg/ml) was added for 7 days to
the cell culture to select cells stably expressing pNng2LUC2. Following selection, ~4 × 105 cells were doublesorted for positive mCherry expression with a FACSCalibur
(BD Biosciences) instrument using the 561 nm yellow/
green laser excitation and a 610/20 bandpass emission ﬁlter.

ASCL-1-LUC NPCs from mouse telencephalons
For ASCL-1 expression analysis, NPCs were used, which
had been derived from transgenic mouse embryo telencephalons by nuclear microinjection of one bacterial
chromosome (BAC DNA) containing an insert composed of
the ASCL-1 promoter region and ASCL-1 exons fused to
LUC2, as previously established by Imayoshi et al. [47].

pNgn2-luciferase (LUC) transgenic ESCs
To track the real-time expression of the basic helix-loop-helix
(bHLH) transcription factor Ngn2 during neurogenesis, we
derived ESCs expressing LUC2 as a reporter gene fused to the
promoter sequence of Ngn2 [47]. The construct containing the

Indirect ASCL-1 and Ngn2 expression detection by
time-lapse luminescence recording
After incubation for 1 h with the Ca2+ indicator Fluo-3AM,
transgenic cells expressing Ngn2 or ASCL-1 fused to
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Table 1 Sequences of the primers used for real-time PCR.
Gene

Forward (5′-3)′

Reverse (5′-3′)

bp

GAPDH

TGCACCACCAACTGCTTAG

GGATGCAGGGATGATGTTC

177

SSEA-1

CGGACCGACTCGGATGTCT

TTGGATCGCTCCTGGAATAGA

58

Oct-4

ATG CCG TGA AGT TGG AGA AG

TGT ACC CCA AGG TGA TCC TC

S100β

GAGCAGGAAGTGGTGGACAA

CACTCCCCATCCCCATCTT

123

TH

CCTTCCGTGTGTTTCAGTGC

TCAGCCAACATGGGTACGTG

112

ChAT

CCCAACCAAGCCAAGCAATC

GGATAGGGGAGCAGCAACAA

113

GAD65

CACCGAGCTGATGGCATCTT

GGGCGCAGGTTGGTAGTATT

84

NMDAR

TGGGAAGTGTACGGTGCTTC

CGATCTGACGCTCCAAATGC

86

V-Glut2

GACCCTGAGGAAACAAGCGA

TCCTGTGAGGTAGCACCGTA

131

5-HT

CAAAGGGGACCTTCCTCTGC

CATCTTGCGCTTTGCCTCAG

103

Dcx

GAGTGGGGCTTTCGAGTGAT

AAAGAAAGCCGTGTGCCTTG

78

MAP-2

TCCTCCAAAGTCCCAGCTA

CCGGCAGTGGTTGGTTAATA

245

TUJ1

AGA CCT ACT GCA TCG ACA ATG AAG

GCT CAT GGT AGC AGA CAC AAG G

110

Nestin

GAG AGT CGC TTA GAG GTG CA

CCA CTT CCA GAC TCC GGG AC

241

Ngn2

TCGGCTTTAACTGGAGTGCC

GTGTGTTGTCGTTCTCGTGC

94

GFAP

AAGAGTGGTATCGGTCCAAGTTTG

CAGTTGGCGGCGATAGTCAT

107

P2X2

TCCCTCCCCCACCTAGTCAC

CACCACCTGCTCAGTCAGAGC

149

P2X3

CTGCCTAACCTCACCGACAAG

AATACCCAGAACGCCACCC

150

P2X4

CCCTTTGCCTGCCCAGATAT

CCGTACGCCTTGGTGAGTGT

149

P2X5

GGATGCCAATGTTGAGGTTGA

TCCTGACGAACCCTCTCCAGT

81

P2X6

CCCAGAGCATCCTTCTGTTCC

GGCACCAGCTCCAGATCTCA

152

P2X7

GCACGAATTATGGCACCGTC

CCCCACCCTCTGTGACATTCT

171

P2Y1

GAGACACGAGTTTCTGAAGGC

CAGGGATGTCTTGTGACCATGT

P2Y2

CTGATCAGGTCCAGGGCAAT

GTATCCCAGTTCGTCCCCCT

P2Y4

AAGGGTGGTGGTGGTACTCC

AGGAGCACCATCTTAGTTCCAG

P2Y6

TTGCATGAGACAGACTCTCCG

ATGGTGCCATTGTCCTGCTC

70

P2Y12

GTGCAAGGGGTGGCATCTAC

CCAAACTGGAAAAACAGGGGT

70

P2Y13

AACAAAGCTGATGCTCGGGA

CAGCTGTGTCATCCGAGTGT

94

P2Y14

TTCGTCCGGCAGCTGTAGT

ACATTGCCAGAATCCCCTACAC

61

cav1.1

CGTCATCGGCAGCATCATTG

ATCTGGGTCAACGTTCCCG

109

cav1.2

CCTCATCGTCATTGGGAGCA

TCCTCTGCACTCATAGAGGGA

248

cav1.3

CGCAACACGATACTGGGCTA

TAGTTCCTGCAGAAAGCCCC

119

cav1.4

TGGCAACTACATCCTGCTGAAC

GAGGGTTTCCTTCACTGCTCT

116

cav 2.1

GAGGGTTTCCTTCACTGCTCT

TCGATCATCTTGATCACCATCTCA

102

cav 2.2

TGCGTTCTCGAGCTTCATGG

CCGCTTGATGGTCTTGAGGG

103

cav2.3

CCAGCAACAGATTGAGCGAG

CGAAGCACTTCCAAGGCTGA

117

hP2X3

ACGCCAACAGAGTCATGGATG

CGCACTGGCTGTCTGATACA

159

hP2X4

GAGATTCCAGATGCGACCACT

ACCCGTTGAAAGCTACGCAC

112

hP2X6

TCAACTTCTCTAAGTCCAATGCC

CAGTAGGGGCTGAATTGTGGT

hP2X7

GTGCCGAAAACTTCACTGTGC

CTGGCAGGATGTTTCTCGTGG

hP2Y1

GGGATGCCATGTGTAAACTGC

CGCTGATACAGATCGCATTCTT

159

hP2Y2

CGTGGCCTACAGCTCAGTC

GTGACGTGGAATGGCAGGAA

207

hP2Y4

TGGCATTGTCAGACACCTTGT

AAAGAAAGCGGACGAACTTGC

114

hP2Y6

GTGTCTACCGCGAGAACTTCA

CCAGAGCAAGGTTTAGGGTGTA

159

hP2Y11

AGCTCCTATGTGCCCTACCA

GCGGCCATGTAGAGTAGAGG

197

hP2Y12

TTTGTGTGTCAAGTTACCTCCG

CTGGTGGTCTTCTGGTAGCG

101

hP2Y14

AATCTAGCCGCAACATATTCAGC

GTCTGACTCTTTGTGTAGGGGAT

59

70
87
100

88
81

94
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luciferase were incubated in culture medium without growth
factors or serum for differentiation induction and 1 mM
luciferin (Nacalai Tesque). The cells were recorded in 5%
CO2 at 37 °C under a ﬂuorescence microscope coupled to a
CCD camera (iKon-M DU934P-BV). Ca2+ measurements
were obtained at 1 frame/5 s, while luminescence was
recorded at 1 frame/10 min. ImageJ software was used for
image analysis; a spike noise ﬁlter was applied to stack
images to remove cosmic ray signals, and then a Savitzky
Golay temporal ﬁlter was used to obtain clear dynamic
expression results.

In vitro model of HD/human iPSC culture and
differentiation
Human NPC lines derived from healthy donor iPSCs (hN8;
ax0018) and from HD patients (HD; ax0211, 45CAG
repetition) were obtained from the Axol Bioscience Stock
Bank. The cells were cultured according to the seller’s
recommendations. Differentiation of these cells into medium spiny GABAergic neurons was induced following
previously described protocols [48].

Murine model
The plasmids pEGFP-Q74 (Plasmid # 40262, Addgene) for
overexpression of mutated Htt (mHtt) with 74 repetitions of
glutamine (Q74) and pEGFP-Q23 (Plasmid # 40261,
Addgene) for overexpression of wild-type (WT) Htt with 23
repetitions of glutamine (Q23) were obtained from Prof. Dr.
Soraya Smaili, Federal University of São Paulo, Brazil.
For transfection of the E14Tg2A strain, we incubated the
following mixture for 20 min: 3 µg of plasmid, 11 µl of
ViaFect™ Transfection Reagent (Promega), and 500 µl of
Opti-MEM (Gibco). After incubation, the mixture was
transferred onto a 100 mm2 plate containing suspended
E14Tg2A cells in the absence of leukemia inhibitory factor
for the formation of transfected EBs. The medium was
changed every 2 days until 8 days of differentiation, when
the EBs were seeded in 35 mm plates for morphological
analysis of migration and differentiation.
We used a kit for Htt mouse gene knockout via CRISPR/
Cas9, KN308042 (OriGene Technologies) for transfection
of the E14Tg2A strain. For transfection of cells with Htt
gene knockout plasmids we incubated the following reaction for 20 min: 1 µg of plasmid containing Cas9 sequences
and guide RNA, 3 µl of ViaFect™ Transfection Reagent
(Promega), and 500 µl of Opti-MEM (Gibco). After incubation, the mixture was transferred onto a 35 mm plate
containing E14Tg2A cells at 70% conﬂuence. The medium
was changed the next day, the cells were subcultured for 10
passages as detailed in the manual, and the protein samples
were collected for Western blot analysis for

determination of Htt protein levels. We successfully established a pair of Htt knockout (Htt−/−) strains, since Htt
expression was not detected in cells transfected with guide
RNA 1 (G1) or with guide RNA 2 (G2), whereas it was
detected in untransfected cells or cells transfected with the
scrambled control (SCR).

Statistical analysis
Comparisons between experimental data were performed
with one- or two-way analysis of variance followed by the
Bonferroni posttest using the GraphPad Prism 5.0 software
(GraphPad Software, Inc.). The criteria for statistical signiﬁcance were set at p < 0.05 (*), p < 0.01 (**), and p <
0.001 (***). The samples followed normal distribution. The
number of independent experiments is described in the
ﬁgure legends.

Results and discussion
Pan-neural differentiation of ESCs
We used a differentiation protocol based on EB formation
from mouse ESCs that includes induction of neuroectodermal differentiation by all-trans RA followed by selection
and differentiation of NPCs (Fig. 1a). ESCs are easily
cultivated in vitro and tend to form EBs that resemble
in vivo embryos due to the high cellular complexity and
organized hierarchy within the tissue [3]. In addition, EBs
also recapitulate signaling pathways involved in CNS and
embryo development [4, 5].
The highest expression of NPC-speciﬁc nestin began on
day 8 and lasted until day 12, and DCX was also expressed
(Supplementary Fig. 1a–c). Gene expression of the neuron
markers TUJ1 and MAP-2 started on day 8 and increased
during differentiation (Fig. 1b and Supplementary Fig. 1c).
GFAP expression analysis showed that gliogenesis had a later
onset approximately on day 16 (Supplementary Fig. 1c, d).
Various neuronal phenotypes were observed, such as the
cholinergic, glutamatergic, serotoninergic, GABAergic and
dopaminergic types. Membrane depolarization occurred
upon KCl administration, with the half-maximal response
triggered by 40 mM KCl (Supplementary Fig. 1e–g and
Fig. 1c). Altogether, these data allowed us to set a time
window to investigate neurogenesis from days 6–8, as
previously described [49, 50].

Involvement of EXNs and VGCCs in pan-neural
differentiation
Early in development, EXNs are involved in neurogenesis
and neuronal differentiation [8–12]. However, studies have
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not investigated the molecular mechanisms underlying
neurogenesis control in detail. In this study, we showed that
the extracellular ATP concentration was augmented from
days 6–12 (Fig. 1d). ATP binding to ionotropic P2X
receptors results in increased cationic currents, including
Ca2+ currents, with subsequent signal transduction, depolarization even at a low ATP concentration (100 nM), and
activation of L-type VGCCs [50]. For instance, we

observed that ATP and BzATP (an agonist of
the P2X7 receptor) depolarized mainly NPCs in the early
stages of neuronal differentiation, but not terminally differentiated cells (Fig. 1e). Interestingly, the depolarization
induced by KCl mainly affected cells in later stages of
differentiation.
Gene expression analysis showed downregulation of
P2X3 and P2X7 purinergic receptors (Fig. 1f,

T. Glaser et al.
Fig. 1 Roles of extracellular nucleotide receptors and voltagegated calcium channels in RA-induced neural differentiation of
ESCs. a Schematic design of the differentiation protocol. ESCs treated
with 2 µM all-trans RA and suspension-cultured formed EBs resembling early developing embryos. On day 6, the cells were seeded onto
laminin-coated dishes and cultured in the absence of serum to differentiate into NPCs. b Expression of the neuronal marker TUJ1 detected by immunoﬂuorescence microscopy during differentiation is
shown in red, with nuclei in blue (DAPI) (days 8, 12, 16, and 20). c
Membrane potential variation in cells after 16 days of differentiation
recorded by microﬂuorimetry following stimulation with KCl. d
Extracellular ATP concentrations measured by a ﬁreﬂy luciferaseluciferin assay after 5 min of incubation of cells at various stages of
differentiation (days 6, 8, 12, 16, and 20). e Membrane potential
variation in cells after 6, 8, 16 and 20 days of differentiation as
determined by microﬂuorimetry following stimulation with 100 µM
ATP, 10 µM BzATP or 60 mM KCl. f Gene expression of purinergic
receptors (P2X3, P2X7, P2Y2 and P2Y6) on different days of differentiation (days 4, 8, and 16). The data are representative of at least
three independent experiments and are shown as mean values ± SEM;
one-way ANOVA followed by the Bonferroni post hoc test (*p < 0.05,
**p < 0.01, ***p < 0.001). g mRNA expression of L-type VGCCs
(Cav1.1-Cav1.4) on different days of differentiation (undifferentiated,
days 8 and 16). The data are representative of at least three independent experiments and are shown as mean values ± SEM; one-way
ANOVA followed by the Bonferroni post hoc test (*p < 0.05, **p <
0.01, ***p < 0.001).

Supplementary Fig. 2a) and L-type VGCC cav1.4 (Fig. 1g,
Supplementary Fig. 2b) during the differentiation process,
while transient expression upregulation of P2Y2 and P2Y6
receptors and L-type VGCC cav1.1, cav1.2 and cav1.3
appeared on day 8 of differentiation, which is the NPC
stage. N-type and P/Q-type calcium channels were also
present in the samples at later stages of the differentiation
process (Supplementary Fig. 2), corroborating the involvement of these ion channels in neurotransmitter release and
synapse formation [32].

Roles of P2X7 and P2Y2 receptors in cell fate
determination
Previously, in our work, we described P2X7 receptor activity and expression inhibition during neuroblast
differentiation; however, we did not study P2Y2 receptors
in this regard. Therefore, P2X7 and P2Y2 receptors were
chronically activated during days 6 to 16 of differentiation. We found that the glutamatergic (V-Glut2 and
NMDAR), dopaminergic (TH) and serotoninergic (5hydroxytryptamine, 5-HT) neuronal marker expression
was diminished in the condition of P2Y2 receptor stimulation when compared with the control condition
(Fig. 2a). Notwithstanding, augmented expression levels
of the GABAergic neuronal marker occurred in cells
treated with 2SUTP, a selective agonist of the mouse
P2Y2 receptor (Fig. 2a, b). We previously conﬁrmed the
concentration of BzATP for selectively activating P2X7
receptors [42].

Role of L-type VGCCs in glial versus neuronal
differentiation
In addition to exhibiting increased L-type VGCC subtype
expression, neuronal-differentiating cells (day 8) were more
sensitive at this stage to the L-type channel modulators,
both the activator BayK8644 (Supplementary Fig. 2c) or its
blocker isradipine plus KCl (Fig. 2c). Furthermore, L-type
VGCCs mediated most of the depolarization-triggered Ca2+
inﬂux (Fig. 2c). Chronic treatment of cells with BayK8644
beginning on day 6 signiﬁcantly increased neuronal TUJ1
and MAP-2 expression while decreasing GFAP glial cell
marker expression (Fig. 2d). Moreover, isradipine treatment
exerted the opposite effect, notably increasing S100β
expression; this ﬁnding indicated that isradipine directed
differentiation into astrocytes (Fig. 2d).
Here, we observed that the ATP levels were higher in the
NPC stage than in the neuron stage and that activation of the
P2Y2 receptor favored GABAergic neuronal differentiation.
Extracellular ATP promoted NPC membrane depolarization,
leading to L-type VGCC activation. The resulting Ca2+
inﬂux induced neuronal differentiation. Moreover, isradipine
treatment notably increased S100β expression, augmenting
differentiation of the cells into astrocytes (Fig. 2d).
Accordingly, D’Ascenzo et al. [51] showed that L-type
VGCC inhibition decreased neuronal differentiation but did
not investigate glial differentiation.
We have previously described P2X7 receptor activity
during ESC proliferation and inactivation of these receptors during neurogenesis [42]. The P2Y2 receptor is
expressed in mammalian embryonic regions involved in
the formation of spinal motor nerves and is associated with
sensory neuron development [52]. In vitro P2Y2 receptor
agonism in mouse NSCs increased migration, indicating
the possible involvement of this receptor in NSC migration
in the adult brain [50]. Moreover, neuronal-differentiating
P19 cells express active P2Y2 receptor [8, 53]. Consequently, we speculate that the P2X7 receptor favors gliogenesis and inhibits neurogenesis, while the P2Y2
receptor promotes neurogenesis and favors GABAergic
differentiation, in parallel with L-type VGCCs, which also
induce neurogenesis.

Spontaneous Ca2+ oscillations during pan-neuronal
differentiation
We analyzed patterns of spontaneous [Ca2+]i events induced
during all-trans RA neural differentiation as well as
mechanisms involved in this process and their consequences.
[Ca2+]i transients of EBs recorded for 20 min (Fig. 2e, f,
Supplementary Fig. 3) revealed two Ca2+ oscillation patterns
(Supplementary Fig. 3a, b) with different durations and
amplitudes [19, 20]. Spike-like oscillation patterns presented
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500 nM amplitudes with a 15-s duration, while wave-like
oscillation patterns consisted of 250 nM amplitudes with a 30s duration. During neural differentiation, spike-like oscillations
increased in both amplitude (Fig. 2e) (from 300 ± 21 nM on
day 8 to 800 ± 253 nM on day 16) and frequency (Fig. 2f)
(from 10 spikes/hour on day 8 to 32 spikes/hour on day 20).
Amplitudes augmented from 250 ± 23 nM on day 8 to 400 ±
33 nM on day 20 (Fig. 2e), and wave-like oscillations (Fig. 2f)
increased from 8 spikes/hour on day 8 to 17 spikes/hour on
day 20. In NPCs on day 8, the amplitudes and frequencies of
the spike- and wave-like oscillations decreased along with cell
commitment, differentiation and maturation, and the frequencies and amplitudes of the [Ca2+]i oscillations were

increased, suggesting a role of these oscillations in the
maintenance of neural development.
To further elucidate the mechanisms, by which these
oscillations are triggered, XeC or EGTA were applied to
seeded EBs on day 8 to reduce intracellular or extracellular
[Ca2+], respectively. Treatment with 2 mM EGTA chelated
extracellular Ca2+ and abolished spike-like oscillations
(Supplementary Fig. 3a). XeC blocked intracellular Ca2+
release and caused extinction of wave-like oscillations and
increased spike-like frequency (Supplementary Fig. 3b-d).
On the other hand, treatment with XeC did not block spikelike oscillations and increased spike frequency (Supplementary Fig. 3).
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Fig. 2 Effects of VGCCs and P2Y2 and P2X7 receptor-induced
signaling on NPC differentiation. a Gene expression of neuronal
phenotype markers (V-Glut2 and NMDA: glutamatergic; TH: dopaminergic and noradrenergic; GAD65: GABAergic; choline acetyltransferase (ChAT): cholinergic; 5-hydroxytryptamine: serotoninergic)
after 16 days of differentiation upon stimulation of P2X7 receptors (10
µM BzATP) or P2Y2 receptors (1 µM 2SUTP). The data are representative of at least three independent experiments and are shown as
the mean values ± SEM; one-way ANOVA followed by the Bonferroni post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001). b Flow
cytometry analysis results shown as the mean values ± SEM of the
percentage of GABAergic neurons (GAD65/67+) after 16 days of
differentiation in the presence of a P2Y2 receptor agonist (2SUTP).
The values are expressed as the mean values ± SEM of GAD65/67+
cells. c. Variations in [Ca2+]i after stimulation with 60 mM KCl with or
without pretreatment with isradipine (an L-type VGCC blocker), as
determined by microﬂuorimetry. The data are representative of at least
three independent experiments and are shown as the mean values ±
SEM. Relative ﬂuorescence units (RFU). d Gene expression of neuronal differentiation markers (TUJ1: neuron; MAP-2: mature neuron;
GFAP: glial cell; S100β: astrocyte) after 8 or 16 days of differentiation
upon stimulation or inhibition of L-type VGCCs (0.1 µM BayK8644
(Bay) and 1 µM isradipine (ISR)). The data are representative of at
least three independent experiments and are shown as mean values ±
SEM; one-way ANOVA followed by the Bonferroni post hoc test
(*p < 0.05, **p < 0.01, ***p < 0.001). GAPDH was used to normalize
the real-time PCR data. e and f Spontaneous [Ca2+]i oscillations on
day 8 of differentiation. Following 20 min of calcium imaging, cells
were stimulated with ionomycin (5 µM) and EGTA (50 µM). Spikes
(15-s duration) and waves (30- to 60-s duration) were detected. The
data are representative of at least 20 cells/ three independent experiment. e Analysis of the [Ca2+]i amplitudes of spike- and wave-like
spontaneous [Ca2+]i oscillations on days 8, 16 and 20 of differentiation.
f. Analysis of the frequencies of spike- and wave-like spontaneous [Ca2
+
]i oscillations on days 8, 16, and 20 of differentiation. The data are
representative of at least three independent experiments (20 cells each)
and are shown as mean values ± SEM; one-way ANOVA followed by
the Bonferroni post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001).

P2 receptor stimulation triggers oscillations in [Ca2+]i,
modulating neural gene expression and activity. As ﬁrst
described in X. laevis, wave-like oscillations with small
[Ca2+]i amplitudes, low frequencies and approximate
durations of 30 s occur upon activation of RYRs and
IP3Rs, while spike-like oscillations last approximately
10 s and subsequently propagate throughout the entire
extension of an excitable cell [19, 20]. Accordingly, we
observed that both the amplitude and frequency of spikelike oscillations increased during differentiation, while
only the amplitude of wave-like oscillations increased
(Fig. 2e, f and Supplementary Fig. 3). In later stages of
X. laevis nervous system development, Spitzer et al. [21]
showed that spike frequency decreases with maturation,
resulting in abolishment of the glutamatergic phenotype
[21–25]. Moreover, wave-like oscillations remained constant during development, although we observed a slight
increase on day 20 corresponding to neuronal maturation.
Wave-like oscillations may regulate neurite extension
during cone growth through activation of calcineurin, as
reported for X. laevis [21–25].

Intracellular Ca2+ release from ER stores triggers wavelike oscillations, while extracellular Ca2+ inﬂux triggers
spike-like oscillations, suggesting a possible mechanism of
regulation between these two oscillation types (Supplementary Fig. 3). In summary, Ca2+ inﬂow results in spikelike [Ca2+]i oscillations through L-type VGCC activity, and
interactions with the EXN system favor neurogenesis.
Malmersjo et al. [54] described the presence of rhythmic
[Ca2+]i oscillations induced by VGCC activation in NPCs.
Ca2+ signaling also modulates gene expression, thus controlling cell fate [19, 55].

P2X7/P2Y2 receptor and L-type VGCC activation
induces alterations in spontaneous [Ca2+]i
oscillations that control proneuronal transcription
factor expression
Alterations in [Ca2+]i inﬂuence the activity of diverse
transcription factors, such as NFAT, DREAM, and CREB,
including proneuronal transcription factors of the fundamental bHLH class [56, 57]. The bHLH factors NGN 1,
NGN 2 and ASCL-1 are transiently expressed at low levels
during neurogenesis, as previously reported [47] and play
pivotal roles in neural fate acquisition and neuronal lineage
determination and concomitant inactivation of Hes and Id
(transcription factors inhibiting differentiation) [58]. This
transient expression induces a second wave of expression of
bHLH genes, such as the NeuroD/Nex family genes, for
neuronal phenotype speciﬁcation [58, 59].
Therefore, we investigated whether L-type VGCCs,
purinergic receptors and Ca2+ signaling control transcription of the proneural bHLH family genes Ngn2 and ASCL1 (Fig. 3). For this purpose, we used a novel approach, in
which transgenic NPCs derived from ESCs or from an
embryonic brain expressing transcription factors fused to
LUC2, were imaged for luminescence together with calcium imaging. This real-time method enables observation of
internal structures and cellular processes over time, highlighting dynamic changes with more reliability and greater
relevance than ﬁxed-cell microscopy does [60]. Fluo-3
Ca2+-sensitive ﬂuorescence emission was recorded to detect
the inﬂuence of L-type VGCC and P2X7 and P2Y2 receptor
activities on spontaneous [Ca2+]i oscillations (5 s per frame
for 20 min) and on Ngn2 and ASCL-1 expression (10 min
per frame for 48 h) in real time. We decided to focus on
spike-like activity, once this type was augmented during
differentiation (Figs. 2f, 3g).
L-type VGCC inhibition blocked the spike-like oscillations, while P2X7 and P2Y2 receptor activation
increased both the frequency and amplitude of these
oscillations in NPCs derived from embryonic brains and
from ESCs (Fig. 3a, d). Interestingly, P2Y2 receptor
activation by 2SUTP triggered [Ca 2+]i oscillations
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Fig. 3 Effects of P2X7 and P2Y2 receptors on spontaneous calcium
oscillations and proneural ASCL-1 and Ngn2 bHLH transcription
factor expression during neurogenesis, as determined by timelapse recording. a Single-cell analysis of spontaneous [Ca2+]i oscillations by Fluo-3 ﬂuorescence recording of NPCs in the absence of
growth factors. The cells were stimulated with BzATP (a P2X7
receptor agonist, 10 µM), 2SUTP (a P2Y2 receptor agonist, 1 µM),
thapsigargin (a SERCA inhibitor, 1 µM) or EGTA (a calcium chelator,
2 mM) prior to 20 min of recording at 1 frame/5 s. The data are
representative of at least 40 cells/two independent experiments. b
Single-cell analysis of ASCL-1-LUC expression in NPCs in the
absence of growth factors was performed by time-lapse imaging, since
luminescence emission directly correlated to ASCL-1 expression.
Cells previously recorded for 20 min for measurement of [Ca2+]i
oscillations were subjected to luminescence recording for 48 h (10
min/frame). The cells were treated as described in a. c. Representative
single-cell time-lapse images are shown. Rainbow-pseudocolored
images show Fluo-3 dye ﬂuorescence emission, while black and
white (B&W) images show ASCL-1 luminescence emission. The time
interval between each frame was 5 s for calcium recording and 30 min
for ASCL-1 expression experiments. d Single-cell analysis of spontaneous [Ca2+]i variations by Fluo-3 ﬂuorescence recording of NPCs
differentiated from transgenic Ngn2-LUC ESCs on day 7 of differentiation. The cells were ﬁrst stimulated as described in a. and then
recorded for 20 min at 1 frame/5 s. The data are representative of at
least 40 cells/two independent experiments. e Single-cell analysis of

Ngn2-LUC expression in NPCs differentiated from transgenic Ngn2LUC ESCs on day 7 of differentiation and measured by time-lapse
imaging to evaluate [Ca2+]i oscillations (d) and Ngn2-LUC expression
(e), as previously detailed in a. f Overlays of the Ngn2 traces in LUCtransgenic NPCs obtained by time-lapse imaging. The rainbow pseudocolored images show Fluo-3 dye ﬂuorescence emission, while the
black and white images show the luminescence of Ngn2-LUC. The
time interval between each frame was 5 s for calcium recording and 30
min for Ngn2 expression experiments. g Spontaneous [Ca2+]i oscillations on day 8 of differentiation. Following 20 min of calcium
imaging, ionomycin (5 µM) and EGTA (50 µM) were added. Spikes
(15-s duration) and waves (30- to 60-s duration) were detected. The
data are representative of at least 20 cells/5 independent experiment. h
ASCL-1 expression analysis in the whole ASCL-1-LUC transgenic
NPC population by time-lapse imaging. The cells were treated as
described in a. i Expression analysis in the whole Ngn2-LUC transgenic NPC population by time-lapse imaging. The cells were treated as
described in a. j The cells analyzed in a and d had the luminescence
emission levels of each cell normalized to the constitutive mCherry
expression in the same plasmid vector, which was fused to a nuclear
localization signaling peptide. For each treatment condition, the ratio
between ASCL-1 and Ngn2 expression was deﬁned as the neurogenic
index. The data are representative of at least two independent
experiments (20 cells each) and plotted as mean values ± SEM; oneway ANOVA followed by the Bonferroni post hoc test (*p < 0.05)
TAPSI (thapsigargin); ISR: Isradipine.

organized in a burst ﬁring pattern. BzATP increased the
frequency and amplitude of the spike-like oscillations;
however, depletion of the intracellular Ca2+ stores with
thapsigargin or depletion of extracellular Ca2+ with
EGTA decreased their frequency and amplitude (Fig. 3
and Supplementary Fig. 4).

Single-cell analysis of ASCL-1 or Ngn2 real-time
expression followed by L-type VGCC blockade or P2X7
and P2Y2 receptor activation showed oscillating ASCL-1
expression levels after isradipine treatment, while 2SUTP
treatment increased the expression of ASCL-1 (Fig. 3b,
c). These results were corroborated by immunostaining
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and real-time PCR (Supplementary Fig. 5a–c). Thus,
BzATP controlled and increased the amplitude of Ngn2
expression (Fig. 3e, f). The data obtained from wholepopulation analysis corroborated the ﬁnding that P2Y2
receptor activation increased ASCL-1 expression, while
P2X7 receptor activation enhanced Ngn2 expression
levels (Fig. 3h, i).

The balance between expression levels of the
proneuronal genes ASCL-1 and Ngn2 determines
cell fate
The maximum luminescence of ASCL-1- and Ngn2transgenic cells was determined in the absence or presence of respective agonists and converted into an ASCL-1/
Ngn2 ratio, called the “neurogenic index” (Fig. 3j). Activation of the P2Y2 receptor and blockade of L-type VGCCs
signiﬁcantly increased the neurogenic index (Fig. 3j). P2Y2
receptor activation favored differentiation into GABAergic
neurons, while L-type VGCC activation promoted neurogenesis. Together, these data indicate that activation of the
P2Y2 receptor, along with elevated and sustained expression of ASCL-1 over Ngn2, is important for cell fate
determination.
L-type VGCC stimulation triggers CaMKII activation
and CREB phosphorylation in neurons [61]. Thus, we
investigated the expression of L-type VGCCs in cells on
day 8 of differentiation and observed that most cells
expressed L-type VGCCs (Supplementary Fig. 5d, upper
panel) and that pCREB was localized in the nucleus and in
the cytosol (Supplementary Fig. 5d, lower panel).
Furthermore, analysis of the cytosolic and nuclear
extracts of cells treated for 15 and 30 min with KCl (60
mM), BayK8644 (100 nM) or isradipine (1 µM) showed an
upregulation in the nuclear translocation of pCREB after 15
min of BayK8644 stimulation and a downregulation upon
isradipine treatment (Supplementary Fig. 5e, f). However,
KCl stimulation alone did not induce translocation, indicating that other signaling pathways triggered by depolarization inhibit pCREB translocation.
This newly developed approach was essential in determining that L-type VGCCs control the stable expression of
ASCL-1 by supporting spike-like [Ca2+]i oscillations and
consequent CREB phosphorylation and translocation to the
nucleus. Thus, P2Y2 receptor activation led to GABAergic
neuron differentiation and spike-like [Ca2+]i by triggering
organized ﬁring bursts that induce the stable expression of
ASCL-1. In addition, blockade of L-type VGCCs resulting
in oscillating ASCL-1 expression patterns and subsequent
differentiation into astrocytes. The results of immunostaining for ASCL-1 in neurogenic sites (Supplementary Fig. 5c)
strengthen the indication of the ASCL-1/Ngn2 ratio as a
neurogenic index.

The obtained results indicate that L-type VGCCs probably participate in pCREB translocation, since depolarization induced by KCl challenge activates voltage-gated
channels, including Ca2+ channels. Furthermore, L-type
VGCCs are expressed at higher levels and are more sensitive
during neurogenesis than during the late stages of differentiation, and activation of these channels partially triggers
pCREB translocation. These data corroborate the hypothesis
that L-type VGCC activation induces neuronal differentiation. L-type VGCC activation triggered local Ca2+ signaling
and later CaMKII activation in superior cervical ganglion
neurons, leading to CREB phosphorylation [62] and translocation to the nucleus [62].
In a previous work, we observed that P2X7 receptor expression and activity must be downregulated for
neuroblast differentiation [42]. We speculate that the disorganized increase in the spike-like frequency upon P2X7R
activation may inhibit differentiation by causing bHLH
factor expression to become uncoordinated. Imayoshi et al.
[47] showed that oscillating ASCL-1 expression is important for NPC maintenance and that the switch to stable
expression leads to differentiation. Accordingly, Ciccolini
et al. [63] reported that P2 receptor activation increases
neurite extension and GABAergic differentiation.
GABAergic neurons are important for establishing the brain
[64, 65], as evidenced by their presence in the subventricular zone, an NPC- and NSC-enriched region, during
neocortex development [66, 67]. Previous studies described
that the differentiation of NPCs can be induced by P2Y2
receptor activation or P2X7 receptor blockade [13, 14].
During the early stages of cortical neurogenesis, GABA
acts on GABAA receptors and depolarizes cortical progenitors, leading to increased [Ca2+]i levels mainly through
VGCC activation [68]. Unlike in adulthood, GABA induces
excitatory stimuli that promote proliferation [69], migration
[70], neurite extension [71] and synapse establishment [72]
during cortical neurogenesis. Our study is the ﬁrst to show a
correlation between spontaneous Ca2+ signaling and bHLH
expression, revealing a mechanism, by which NPCs sense
the environment.

Spike-like Ca2+ oscillation-triggered P2Y2 receptor
activation is absent in HD-patient NPCs
A better understanding of the signaling pathways that
control the cell fate determination of GABAergic neurons in
the healthy developing brain is needed to enable elucidation
of the mechanisms underlying diseases related to
GABAergic system deﬁciency, such as HD, Parkinson’s
disease and epilepsy [73], in which death of GABAergic
neurons in the basal ganglia is a characteristic of HD
pathology. To increase our understanding of these pathways, we focused on the roles of the P2Y2 receptor and
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spontaneous [Ca2+]i oscillations in human and mouse HD
models. Therefore, we investigated [Ca2+]i oscillations in
HD patients and healthy donor iPSC-derived NPCs.
While morphological observation revealed the presence
of rosette-shaped structures in HD-patient and wild-type
(WT) cells from healthy individuals, expression analysis of
NPC-typical nestin in cultures of undifferentiated cells
revealed that there were smaller and fewer colonies of HD
NPCs compared to WT NPCs, even when the same numbers of cells were seeded in the dishes (Fig. 4a).
As spontaneous oscillations of [Ca2+]i may be related to
cell fate determination into GABAergic neurons, we
assessed spontaneous activity by Fluo-3 indicator ﬂuorescence recording and observed that HD NPCs showed fewer
oscillations than WT NPCs did. In addition, the oscillations
in HD NPCs were mainly of the wave-type (Fig. 4b–e).
Spike-like oscillations were essentially absent in HD cells,

because the amplitudes were very short (<0.3; Fig. 4d) and
thus could not be considered oscillations. This phenomenon
was probably a result of higher [Ca2+]i levels in the
basal/resting state of HD NPCs compared to WT NPCs
(Fig. 4f).
Interestingly, [Ca2+]i responses evoked by ATP upon
GABAergic neuron differentiation induction revealed that
compared with WT cells, cells from HD patients had an
increased sensitivity towards ATP on day 0 (NPC stage),
while no response was detected on day 10 of neuronal
differentiation) or on day 20 (in mature neurons) (Fig. 4f).
In cells from healthy patients (WT cells), [Ca2+]i responses
decreased with neuronal differentiation (Fig. 4f, g). Moreover, cells overexpressing the N-terminal domain of huntingtin, containing a 23 (healthy) or 74 (HD) glutamine
residue stretch, were responsive to BzATP and 2SUTP
challenge. Notably, cells expressing mHtt showed a
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Fig. 4 human NPCs from HD-patient iPSCs do not show spike-like
[Ca2+]i oscillations. a Expression of the neural precursor marker
nestin, as evaluated by immunoﬂuorescence microscopy, is shown in
green, while nuclei are shown in blue (DAPI) in HD and WT (hN8)
NPCs from patients. b and c Spontaneous [Ca2+]i oscillations in
healthy and HD Fluo-3-loaded NPCs. Following 20 min of calcium
imaging, cells were challenged with ionomycin (5 µM) and EGTA
(50 µM). Spikes (15-s duration) and waves (30- to 60-s duration) were
detected in healthy individuals (WT) and affected patients (HD). Spikes
are plotted in dark red and gray, and waves are plotted in light red and
black. d Analysis of the frequencies of spike- and wave-like spontaneous [Ca2+]i oscillations in NPCs from healthy individuals (WT) and
affected patients (HD). e Analysis of the [Ca2+]i amplitudes of spike
and wave-like spontaneous [Ca2+]i oscillations in NPCs from healthy
individuals (WT) and affected patients (HD). f HD and WT NPCs
loaded with Fluo-3AM were recorded for 3 min using an epiﬂuorescence microscope. g Upon induction to GABAergic neuronal differentiation, HD and WT cells loaded with Fluo-3AM were
challenged with 100 μM ATP and recorded for 3 min. The data are
representative of at least three independent experiments (20 cells each)
and are shown as the mean values ± SEM; one-way ANOVA followed
by the Bonferroni post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001).
h [Ca2+]i response of hNPCs after challenge with a P2X7 receptor
agonist (BzATP) and a P2Y2 receptor agonist (2SUTP) by microﬂuorimetry. Cells were recorded 3 days after transfection with a plasmid for overexpression of WT huntingtin with 23 CAG repetitions
(Q23) or mutant huntingtin with 74 CAG repetitions (Q74). WT cells
correspond to untransfected cells. i [Ca2+]i response of human NPCs
derived from iPSCs after challenge with the P2X7 receptor agonist
(BzATP) at two different doses (1 and 10 μM), 10 μM BzATP in the
presence of the selective P2X7 receptor inhibitor A438079 (1 μM), and
ATP (100 μM). h and i The data are representative of at least three
independent experiments. They were analyzed by one-way ANOVA
followed by the Bonferroni post hoc test (*p < 0.05) and are shown as
mean values ± SEM. j and k Gene expression of purinergic receptors
(P2X7 and P2Y2) of hNPCs derived from iPSCs of healthy (WT) and
affected subjects (HD). Data were normalized to GAPDH gene
expression levels and reported as mean values ± SEM; one-way
ANOVA followed by the Bonferroni post hoc test (*p < 0.05).

signiﬁcant decrease in the 2SUTP response, corresponding
to impaired P2Y2 receptor activation (Fig. 4h).
ATP activates every P2 receptor. To clarify the participation of P2X7 and P2Y2 receptor activation in hNPCs,
BzATP selectivity at 1 μM and 10 μM concentrations was
studied in the absence and presence of preincubation with 1
μM of the selective P2X7 receptor inhibitor A438079
(Fig. 4i). As expected, BzATP challenge under P2X7
receptor inhibition did not promote any [Ca2+]i transients,
as previously shown by us in mouse NPCs [42]. Nevertheless, real-time PCR analysis indicated that the expression
levels of both receptors were upregulated in the HD patient
cell line (Fig. 4j, k).
Next, we investigated the roles of Htt and P2Y2
receptors in a murine cellular model of HD. To establish
this model, we modiﬁed the ESC genome using CRISPR/
Cas9, generating a huntingtin knockout (Htt−/−) cell line
and a control line with scrambled sequence (SCR). Western blot analysis detected Htt expression in untransfected
(WT) cells and cells transfected with SCR, but not in cells

transfected with either G1 or G2 (Supplementary Fig. 6a
and b). The transgenic cell lines were induced to differentiate into GABAergic neurons for 6 days and were
transfected with plasmids containing the N-terminus of the
Htt sequence controlled by a human cytomegalovirus
immediate-early enhancer and promoter and green ﬂuorescent protein (GFP) as a reporter gene. One plasmid had
Q23, and the other had Q74; these sequences corresponded
to WT Htt and mHtt, respectively (Supplementary Fig. 6a
and b). Detection of the reporter gene GFP by immunohistochemistry revealed that plasmid transfection was
efﬁcient, since GFP was detected in the Q23 and Q74
(mutant) groups of cells, but not in the blank group
(untransfected cells) (Supplementary Fig. 6c).
Flow cytometry analysis revealed that even in the
absence of an ectodermal differentiation inducer (RA), the
number of cells expressing Q74 was increased by ~20%
among neuronal cells (TUJ1-positive cells), and Nestin
expression decreased by 66% after 9 days of differentiation
(Fig. 5a–c). In addition, cells overexpressing WT Htt (Q23)
migrated from EBs more than cells overexpressing mHtt
(Q74) (Fig. 5d). Morphological analysis of neurons derived
from Htt−/− cells and cells transfected with the Q23 and
Q74 overexpression vectors indicated that the neurons were
healthy and exhibited axonal projections, as did the WTcontrol neurons (Fig. 5d, e).
Clarifying the effect of the Htt mutation on purinergic
signaling, we analyzed the extracellular ATP concentrations
in transgenic ESC cultures. There were no differences in
extracellular ATP concentrations between WT and mutant
NPCs or neurons; however, NPCs presented higher extracellular ATP concentrations than neurons, as was previously observed (Fig. 5f).
Next, we analyzed P2 receptor activation through [Ca2+]i
measurements in NPCs (Fig. 5g) and mature neurons
(Fig. 5h). ATP (100 µM) induced transients in [Ca2+]i
(Δ[Ca2+]i) under the tested conditions. However, Htt
knockout decreased Δ[Ca2+]i after administration of ATP
(1 µM) or 2SUTP (100 µM). In addition, Htt−/− cells expressing the Q74 N-terminus presented no 2SUTP-evoked Δ[Ca2
+
]i, which indicated that the P2Y2 receptor was not functional
in the HD model (Fig. 5g, h), even though we detected P2Y2
receptor expression by immunoﬂuorescence (Fig. 5i) and realtime PCR analysis (Fig. 5j, k). These data corroborate the data
obtained with human NPCs, in which P2Y2 receptor activity
was impaired, while expression of this receptor was upregulated. This enhanced expression rate may result from a feedback mechanism for compensation of defective activation. HD
NPCs also expressed other purinergic receptors, as shown in
Supplementary Fig. 7. Compared with WT cells, HD cells
showed upregulated expression levels of P2X3, P2X4, P2X6,
P2Y1, P2Y4, P2Y11, P2Y12, and P2Y14 receptors, which
may reﬂect defective purinergic signaling.
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Fig. 5 Inﬂuence of mHtt overexpression on ESC neuronal differentiation and P2Y2 receptor activity. The ESC genome was modiﬁed by CRISPR/Cas9 to generate a huntingtin knockout (Htt-/-) cell
line and a control line with SCR. Transgenic cell lines overexpressing
WT (Q23-GFP) or mHtt (Q74-GFP) N-terminal Htt sequences were
induced to differentiate into GABAergic neurons for 12 days (to the
neuron stage). a. After 9 days of differentiation, the expression of the
neuronal marker TUJ1 (a and b) and the NPC marker nestin (c) was
analyzed in cells overexpressing Q23 or Q74 by ﬂow cytometry and
immunoﬂuorescence microscopy (e). d Photomicrography of attached
EBs after 9 days of differentiation. Scale bar: 50 μm. f. Extracellular
ATP concentrations were measured after 5 min of incubation in cells
overexpressing Q23 or Q74 at the NPC and neuron stages of differentiation (days 8 and 12, respectively) by a ﬁreﬂy luciferase-luciferin
assay. g and h [Ca2+]i oscillations were measured through microﬂuorimetry in cells overexpressing Q23 or Q74 at the NPC and neuron

stages of differentiation (days 8 (g) and 12 (h), respectively) after
challenge with the broad purinergic agonist ATP and the P2Y2
receptor agonist 2SUTP. i Immunoﬂuorescence detection of P2Y2
receptor expression (red) in Q74-overexpressing cells after 12 days of
differentiation. Nuclei are indicated in blue. Scale bar: 50 μm. Data are
representative of at least three independent experiments and are shown
as the mean values ± SEMs; one-way ANOVA followed by the Bonferroni post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001). j and k
Gene expression of purinergic receptors (P2X7 and P2Y2) of mouse
NPCs derived from ESCs 3 days after transfection with a plasmid
coding for overexpression of WT huntingtin with 23 CAG repetitions
(Q23) or mutant huntingtin with 74 CAG repetitions (Q74). WT cells
correspond to untransfected cells. Shown data were normalized to
GAPDH gene expression and plotted as the mean values ± SEM; oneway ANOVA followed by the Bonferroni post hoc test was used for
testing statistical signiﬁcance (*p < 0.05).

Interestingly, in both human and mouse in vitro models,
we observed the absence of spike-like Δ[Ca2+]i in HD
samples and a lack of response to ATP and 2SUTP in
neuronal-differentiating cells, corroborating previous ﬁndings that the P2Y2 receptor and spike-like Δ[Ca2+]i are
crucial for the survival of GABAergic neurons. Moreover,
P2Y2 receptor expression was detected in every condition
on cell membranes, including those overexpressing the N-

terminus of mHtt (Q74), indicating posttranslational inactivation of the receptor by Q74 mHtt. Different studies have
revealed expression changes in genes related to [Ca2+]i
homeostasis in striatal neurons in the context of HD [74],
and our data agree by showing that [Ca2+]i is elevated under
resting conditions in HD.
In vivo models of HD have been shown to exhibit lower
total brain volumes and fewer NPCs in neurogenic areas
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than controls [75–78]. Accordingly, our data showed an
enhanced neurodifferentiation process in HD cells compared with in WT cells, and this process resembled
enhanced early stages of cell commitment during neurodevelopment. Altogether, these data suggest that the P2Y2
receptor is a modulator of both neuronal GABAergic
commitment and survival and provides an HD therapeutic
target given its role in controlling spontaneous [Ca2+]i
oscillations (Supplementary Fig. 8).
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