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Long-term neural differentiation of human pluripotent stem cells (hPSCs) is associated with enhanced neuronal
maturation, which is a necessity for creation of representative in vitro models. It also induces neurogenic-to-
gliogenic fate switch, increasing proportion of endogenous astrocytes formed from the common neural progen-
itors. However, the significance of prolonged differentiation on the neural cell type composition and functional
development of hPSC-derived neuronal cells has not been well characterized. Here, we studied two hPSC lines,
both of which initially showed good neuronal differentiation capacity. However, the propensity for endogenous
astrogenesis and maturation state after extended differentiation varied. Live cell calcium imaging revealed that
prolonged differentiation facilitated maturation of GABAergic signaling. According to extracellular recordings
with microelectrode array (MEA), neuronal activity was limited to fewer areas of the culture, which expressed
more frequent burst activity. Efficient maturation after prolonged differentiation also promoted organization of
spontaneous activity by burst compaction. These results suggest that although prolonged neural differentiation
can be challenging, it has beneficial effect on functional maturation, which can also improve transition to differ-
ent neural in vitro models and applications.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Human pluripotent stem cell (hPSC)-derived neurons hold a great
promise for modeling neurodevelopment as well as pathologies with
genetic background (Suzuki and Vanderhaeghen, 2015). Additionally,
hPSC-derived neuronal cultures represent a promising platform for
neurotoxicity testing (Johnstone et al., 2010; Ylä-Outinen et al., 2010)
and a therapy option, for example, in Parkinson's disease and spinal
cord injury (Li et al., 2015; Lindvall, 2015). hPSCs includehuman embry-
onic stem cells (hESCs) (Thomson, 1998) and human induced pluripo-
tent stem cells (hiPSCs) (Takahashi et al., 2007), both of which have
their advantages and disadvantages. hESCs are considered to have
fewer obstacles to differentiation because they do not carry any previ-
ous epigenetic memory of former cellular identity (Kim et al., 2010),
whereas hiPSCs are associated with fewer ethical problems and wider
utilization potential in applications such as modeling of hereditary dis-
eases (Du and Parent, 2015). hPSCs can be differentiated into spontane-
ously active functional neuronal networks (Heikkilä et al., 2009;
Toivonen et al., 2013), but to gain greater benefits from hPSC-derived
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neural cells for various applications, their basic characteristics need to
be studied and evaluated in more detail in vitro, especially at the level
of functional development.

Achieving functional maturation of hPSC-derived neuronal cells in
vitro still remains a challenge in the field.When compared to rodent pri-
mary neurons, the functional state of hPSC-derived neuronal cultures
can be considered immature. Traditionally, the survival in long-term
culture and functional maturation of hPSC-derived neural cultures has
been enhanced with primary rodent astrocytes in cocultures (Frega et
al., 2017; Johnson et al., 2007; Odawara et al., 2014). After all, astrocytes
have been recognized as active regulators of neuronal development and
function (Clarke and Barres, 2013). However, for most hPSC-derived
neuronal applications, for example disease modeling, a completely
human cell-based system is a necessity. At the same time many differ-
entiation protocols for hPSC-derived neurons typically produce a vary-
ing proportion of astrocytes from the common neural progenitors
(Lappalainen et al., 2010; Pasca et al., 2015; Shi et al., 2012). Still this
change in cell type composition is not often discussed. Overall, the sig-
nificance of prolonged differentiation on neural cell type composition
and network level functional studies describing this development are
still largely lacking.

Here, we describe how prolonged neural differentiation affects the
generation of endogenous astrocytes and impacts the functional
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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development of hPSC-derived neural cultures. Typically, extended dif-
ferentiation of hPSC-derived neurons is supported by rodent astrocyte
coculture but here only hPSC-derived cultures were used. Our
neurosphere differentiation method recapitulates the in vivo develop-
mental stages in which the switch from neurogenesis to gliogenesis oc-
curs over time (Lappalainen et al., 2010; Miller and Gauthier, 2007;
Zhang et al., 2001). Accordingly, we selected two time points of
neurosphere differentiation, the standard 8 week and the prolonged
15 week time point, which were quantitatively analyzed for neuronal
and astrocytic markers using immunocytochemistry and gene expres-
sion analysis. Microelectrode array (MEA) technique was used to mea-
sure spontaneous electrical activity repeatedly in large populations of
neurons. In contrast, calcium (Ca2+) imaging allowed detection of indi-
vidual cell type specific activity in neurons and astrocytes. Together,
Ca2+ imaging andMEA systemwere validated as useful tools in provid-
ing extensive information about hPSC-derived neural cultures, and indi-
cated functional maturation of neuronal cells after prolonged
differentiation.

2. Materials and methods

2.1. Maintenance of human pluripotent stem cells

The human embryonic stem cell (hESC) line Regea 08/023 (passages
14–66) and the human induced pluripotent stem cell (hiPSC) line
04311.WT (passages 24–45) were used in this study. The cell lines
were derived at the Institute of Biosciences and Medical Technology
(BioMediTech), University of Tampere, Finland. BioMediTech received
approval from the Finnish Medicines Agency (FIMEA) to perform re-
searchusinghuman embryos (Dnro 1426/32/300/05). Supportive state-
ments were also obtained from the regional ethics committee of
Pirkanmaa Hospital District for the derivation, culture, and differentia-
tion of hESCs (R05116) and hiPSCs (R08070). An informed consent
was obtained from all subjects who provided cell samples. All methods
were carried out in accordancewith relevant guidelines and regulations.
The hESC line Regea 08/023 was generated as previously described
(Rajala et al., 2010; Skottman, 2010). The hiPSC line 04311.WT was de-
rived fromhuman skinfibroblasts following a previously published pro-
tocol using Sendai virus technology (Ojala et al., 2016) (Supplementary
Fig. 1). The hPSC-lines were cultured on top of a human feeder cell layer
(CRL-2429, ATCC, Manassas, VA, USA) and were passaged weekly
(Rajala et al., 2007). The medium consisted of knockout Dulbecco's
modified Eagle's medium (DMEM) supplemented with 20% knockout
serum replacement, 2mMGlutamax (all fromGibco, Thermo Fisher Sci-
entific Waltham, MA USA), 1% nonessential amino acids, 50 U ml−1

penicillin/streptomycin (both from Lonza Group Ltd., Basel, Switzer-
land), 0.1 mM 2-mercaptoethanol (Gibco, Thermo Fisher Scientific)
and 8 ng ml−1 basic fibroblast growth factor (bFGF, R&D Systems Inc.,
Minneapolis, MN, USA). The undifferentiated stage of both human plu-
ripotent stem cell (hPSC) lines were regularly monitored with gene and
protein expression analyses of pluripotency markers (Nanog, Oct-3/4,
TRA-1-81 and TRA-1-60) and markers for different germ layers
(human alpha-smooth muscle actin, human alpha-fetoprotein, and
Nestin). All cultures maintained normal karyotypes and were myco-
plasma free.

2.2. Neural differentiation

Neural differentiation of hESCs (Regea 08/023) and hiPSCs (04311.
WT) was performed using a free-floating neurosphere culture
(Lappalainen et al., 2010). hPSC colonies were mechanically cut into
small clusters and transferred into six-well ultra-low attachment plates
(Nunc, Thermo Fisher Scientific) for neural differentiation. Neural dif-
ferentiation medium (NDM) consisted of 1:1 DMEM/F-12:Neurobasal
medium supplemented with 1× B27, 1× N2, and 2 mM Glutamax (all
from Gibco, Thermo Fisher Scientific), 25 U ml−1 penicillin/
streptomycin (Lonza Group Ltd.) and 20 ng ml−1 bFGF (R&D Systems
Inc.). The medium was changed three times per week, and the
neurospheres were mechanically passaged once per week. Cells were
differentiated in neurosphere culture for standard 8weeks or prolonged
15 weeks and plated under adherent culture conditions for maturation
up to 5 weeks (Fig. 1A, experimental setup). For adherent culture the
neurospheres were mechanically cut into small 50–200 μm in diameter
clusters containing on average 5000–10,000 cells. The number of plated
clusters was relative to culture area: 10 clusters for MEA experiments,
20 clusters for calcium imaging experiments, 20 clusters for immunocy-
tochemistry and PCR experiments. Cells were plated either on glass cov-
erslips or MEA dishes coated with 0.05% PEI and 20 μg ml−1 mouse
laminin (both from Sigma-Aldrich, St. Louis, MO, USA). For adherent
culture bFGF was omitted from the NDM. After one week of adherent
culture, 4 ngml−1 bFGF and 5 ngml−1 brain-derived neurotrophic fac-
tor (BDNF, Prospec, Rehovot, Israel) were added to the NDM to support
neuronalmaturation. The culturesweremaintainedwith threemedium
changes per week.

2.3. Immunocytochemistry

Protein expression in cultures was characterized with immunocyto-
chemical staining as previously described (Lappalainen et al., 2010). The
following primary antibodies were used: MAP-2 (rabbit, 1:400,
Millipore, Billerica, MA, USA: AB5622), MAP-2 (chicken, 1:4000, Novus
Biologicals, Littleton, CO, USA: NB300-213), βIII-tubulin (rabbit,
1:2000, GenScript, Piscataway, NJ, USA: A01627), βIII-tubulin (chicken,
1:4000, Abcam, Cambridge, MA, USA: ab107216), GFAP (chicken,
1:4000, Abcam: ab4674), synaptophysin (mouse, 1:2000, Sigma-Al-
drich: s5768), vGlut (guinea pig, 1:1000, Millipore: AB2251), GABA
(rabbit, 1:1000, Sigma-Aldrich: A2052), GAD67 (mouse, 1:100,
Millipore: MAB5406), TH (mouse, 1:800, Sigma-Aldrich: T1299), sero-
tonin (rabbit, 1:800, Sigma-Aldrich: S5545), and S100β (mouse, 1:500,
Abcam: ab11178). For secondary antibody labeling, Alexa Fluor 488
(1:400), Alexa Fluor 568 (1:400) or Alexa Fluor 647 (1:200) dye
(Thermo Fisher Scientific) was used as appropriate. The cells were im-
aged using an Olympus IX51 microscope (10×, NA = 0.3 and 20×, NA
=0.45 objectives) equippedwith an Olympus DP30BW camera (Olym-
pus Corporation, Hamburg, Germany). For synaptophysin staining, an
LSM780 Laser Scanning Confocal Microscope (40× objective, NA =
1.4) with a Quasar spectral GaAsP detector (all from Carl Zeiss, Jena,
Germany) was used.

To quantify the neuron-to-astrocyte ratio at the 8 and 15 wk. time
points, cells were plated under adherent culture conditions and were
stained after 2 and 4 wks for neuronal (MAP-2 + β-tubulin) and astro-
cyte (GFAP) markers. The numbers of biological and technical repeats
are listed in Supplementary Table 2. Distinct cell types were automati-
cally counted using CellProfiler (Carpenter et al., 2006) and CellProfiler
Analyst (Jones et al., 2008) software. The results of the automated anal-
ysis were evaluatedmanually, and samples with fewer than 200 cells or
a false classification result were excluded from the final analysis.

2.4. RT-PCR analysis and qRT-PCR array

Total RNA was isolated from 8 + 5 wks and 15 + 5 wks differenti-
ated cells using the NucleoSpin RNA XS kit (Macherey-Nagel, Düren,
Germany) according to the manufacturer's instructions. The concentra-
tion and quality of the RNA were monitored spectroscopically. For each
sample, 800 ng of total RNAwas reverse transcribed into cDNAwith the
High Capacity cDNA Reverse Transcription kit (Applied Biosystems,
Thermo Fisher Scientific, Foster City, CA, USA) according to the manu-
facturer's instructions.

To investigate brain region specificity and chloride transporter ex-
pression, a standard RT-PCR analysis was performed (target genes,
primer sequences and exact annealing temperatures in Supplementary
Table 1). For each reaction, an aliquot of 2.5 ng cDNA was used with



Fig. 1.Differentiation of hESC- andhiPSC-derived neurons and astrocytes. (A) hPSCswerefirst differentiated in neurosphere culture for 8 or 15wks and thenplatedunder adherent culture
conditions for maturation up to five weeks before characterization with immunocytochemical staining (ICC), PCR, Ca2+ imaging (CA), and microelectrode array (MEA). (B) At 8 + 1 wk.
timepoint RNAwas extracted from cultures and RT-PCRwasperformed for forebrain (FOXG1 andOTX2),midbrain (LMX1A) and hindbrainmarkers (GBX2) (n=1).Human fetal brain RNA
was used as control. The displayed bands were cropped from a single image of one gel (Supplementary Fig. 5A). (C) Representative images of immunocytochemical staining of neuronal
(MAP-2+ β-tubulin) and astrocyte (GFAP)markers after standard (8+wks) and prolonged (15+wks) differentiation. 4′,6-diamidino-2-phenylindole (DAPI) nuclear staining is in blue.
(D, E) The percentages of neurons and astrocytes were counted using CellProfiler analysis tools. The data are presented as the distribution of the percentages of neurons and astrocytes at
each time point. The median and interquartile ranges are indicated by lines, and the whiskers indicate the minimum and maximum of the data. A non-parametric Mann-Whitney U test
was used for the statistical analysis, and p-values b0.05 were considered significant. Significant p-values are presented in the images. The number of samples analyzed is presented in
Supplementary Table 2. (F, G) At the 8 + 5 and 15 + 5 wk. time points, qPCR was performed to evaluate various neural precursor cell (NPC) markers and markers of mature neurons
and astrocytes (n = 1, 3 technical replicates). The bars represent the fold change in gene expression between 8 + 5 and 15 + 5 wks, and they correspond to the left y-axis. The dots
indicate the variable expression levels of genes compared to the housekeeping gene GUSB, and they correspond to the right y-axis (logarithmic).
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0.2 mM of both forward and reverse primers, 1 × PCR buffer (–MgCl,
+KCl), 1.5 mMMgCl2, 0.1 mM dNTP mix and 0.25 U/μl Taq DNA poly-
merase (Qiagen, Hilden, Germany). The cDNA was amplified using 37
PCR cycles with an initializing step at 95 °C for 3min, DNA denaturation
at 95 °C for 30 s, annealing at 60–68 °C (Supplementary Table 1) for 30 s
and elongation at 72 °C for 1 min. A 5 min elongation step finalized the
reaction. The PCR products were separated electrophoretically on a 1.5%
agarose gel in Tris/Borate/EDTA buffer containing GelRed (Biotium,
Hayward, CA, USA) and visualized using BioRad ChemiDoc MP system
(Bio-rad Laboratories, Inc., Hercules, CA, USA).

To investigate astrocyte, neural precursor and general neuron genes,
a gene expression array analysis of a subset of 14 genes of interest (Sup-
plementary Table 1) was performed using a custom TaqMan® Array
(Applied Biosystems) according to the manufacturer's instructions. For
each reaction, 6 ng of cDNA was used with TaqMan® Universal PCR
Master Mix (Applied Biosystems). The analysis was performed using
the ABI Prism 7300 real-time PCR system (Applied Biosystems). The
data were normalized to the expression of the housekeeping gene
GUSB, and the data from the 15 + 5 wks time point were further com-
pared to the 8 + 5 wks time point. Relative expression values were de-
termined using the comparative 2−ΔΔCt method, and the quality of the
PCR products was monitored with a melt curve analysis. The analysis
consisted of three technical replicates.

2.5. Ca2+ imaging

Ca2+ signaling of 8 and 15 weeks differentiated cells was studied
after 2 and 4 wks of adherent maturation. Cells were loaded with 4
μM of Fluo-4 AM (Thermo Fisher Scientific) diluted in NDM for 30 min
at 37 °C and 5% CO2, followed by washing with NDM for another
30 min at 37 °C and 5% CO2. Culture were imaged every 0.5 s while
being continuously perfused with physiological solution at 36 ± 0.5 °C
at a rate of 2 ml/min (RC-22 perfusion chamber, TC-344C temperature
controller, SH-27B in-line solution heater; Warner Instruments Inc.,
Hamden, USA). The physiological solution contained 140 mM NaCl,
10 mM HEPES, 10 mM D-glucose, 3.5 mM KCl, 1.25 mM NaH2PO4,
2 mM CaCl2 and 1 mM MgCl2 (all from Sigma-Aldrich) dissolved in
dH2O. The fluorescent imaging system consisted of an Olympus IX61
inverted microscope (10× and 20× objectives, NA = 0.5), an Andor
iXon 885 EMCCD camera (Andor Technology, Belfast, Northern Ireland)
and a Polychrom V monochromator (TILL Photonics, Munich, Ger-
many). Images were acquired with TILL Photonics Live Acquisition soft-
ware and analyzed with SimplePCI software package (Hamamatsu
Corporation, Sewickley, PA, USA). Neuronal cells were identified by
their morphology and ability to quickly respond to elevated extracellu-
lar K+ (50mM). Ca2+ signalingwas considered related to action poten-
tials if it was blocked by the voltage-gated sodium channel antagonist
tetrodotoxin (TTX, 1 μM, Tocris Bioscience, Bristol, UK). GABA (100
μM, Sigma-Aldrich) and glutamate (50 μM, Sigma-Aldrich)were applied
to test for the presence of functional receptors for these major neuro-
transmitters. The fluorescence intensity was normalized to the resting
level, and amplitude of the GABA and glutamate responses in each cell
was calculated as a fraction of the response to high-K+ depolarization
in the cell. The numbers of biological and technical repeats are listed
in Supplementary Table 2.

2.6. Microelectrode arrays

The development of spontaneous electrical activity in 8 and 15 wks
differentiated cells was measured for 5 wks with a MEA system
(Heikkilä et al., 2009). Recordingswere obtainedwith anMEA60 ampli-
fier and 60-6wellMEA200/30iR-Ti-w/o arrayswith 9 electrodes perwell
(Multi Channel Systems [MCS], Reutlingen, Germany; Fig. 4A). A cus-
tom-made 6-well silicone chamber, SpikeBooster, was used to culture
neural cells on MEA dishes as previously described (Kreutzer et al.,
2012). The temperature was maintained at 37 °C with a TC02
temperature controller (MCS). Cultures were measured twice per
week for 10 min, and the two weekly measurements were averaged
for analysis (Supplementary Table 2, experimental repeats). The control
of measurements and the detection of spikes were performed with
MC_Rack software (MCS). A sampling rate of 50 kHz was used for the
measurements. Spikes were detected from 200 Hz high-pass filtered
data when their amplitude crossed the threshold of−5 × standard de-
viation (SD) of noise. Electrodes with a total spike frequency N0.033 Hz
(2/min) were experimentally determined to present biological activity
(i.e., to be active electrodes; Supplementary Fig. 4A–C). The spike
count and burst analysis were performed using a custom-made script
for MATLAB (MathWorks, Natick, MA, USA) (Kapucu et al., 2012) with
further modifications. Additional conditions were applied to the analy-
sis to ensure the validity of burst detection: burst detectionwas only ap-
plied to channels where the total spike frequency was at least 0.167 Hz
(10/min), and a minimum of three spikes was considered to form a
burst. Furthermore, if the automatically detected burst inter-spike inter-
val threshold exceeded 2000 ms, the channel was considered not to
have bursts and was excluded from the burst analysis.

2.7. Statistical analysis

Due to the non-Gaussian distribution of the data, the non-paramet-
ric KruskalWallis test (with Dunn's post hoc – test) andMann-Whitney
U test were used. All the statistical tests were performed with SPSS Sta-
tistics software (version 23.0).

3. Results

3.1. hPCS differentiate efficiently into neuronal population with varying
proportion of astrocytes

Using our simple neurosphere differentiation method (Lappalainen
et al., 2010), we have tested the neural differentiation capacity of sev-
eral hESC and hiPSC lines (Lappalainen et al., 2010; Toivonen et al.,
2013) and have chosen the in-house derived hESC line Regea 08/023
and the hiPSC line 04311.WT for a detailed study of neuron and astro-
cyte differentiation and functionality (Fig. 1A). Cells were differentiated
in suspension for either standard 8 week period or prolonged 15 week
period and plated in adherent culture for maturation and experiments.
For clarity, the names of the study's time points refer to both differenti-
ation and maturation time points. For example, 8 + 2 wks refers to
8weeks of differentiation in neurosphere culture, and 2weeks of adher-
ent maturation (Fig. 1A).

To examine the brain regional identity of the cells,we performed RT-
PCR to 8 + 1 wk. samples and detected strong expression of forebrain
(FOXG1, OTX2) and hindbrain (GBX2) markers, and minor expression
of midbrain marker (LMX1A) (Fig. 1B). Expression of midbrain marker
EN1 and hindbrain marker HOXA2 were not detected. RT-PCR analysis
confirmed that the culture represents a mixed neural cell population.

In order to determine the differentiation capacity of the two hPSC
lines, neuronal cells were immunostained with microtubule-associated
protein 2 (MAP-2) andβ-tubulin antibodies, and astrocyteswith glialfi-
brillary acidic protein (GFAP) antibody. Quantification of the neuron-to-
astrocyte ratio in the hESC line revealed good capacity to give rise to
both neurons and astrocytes (Fig. 1C and D, for cell counts see Supple-
mentary Fig. 2). Neuronal cells were efficiently produced, but their pro-
portion was decreased with prolonged differentiation time from 73% at
8 + 4 wks to 44% at 15 + 4 wks (Fig. 1D). Astrocyte proportion in-
creased gradually at the expense of neuronal cells from 2% at 8
+4wks to 51% at 15+4wks (Fig. 1C and D). At the same time, propor-
tion of cells without any neural staining was diminished from 25% at 8
+ 4 wks to 5% at 15 + 4 wks. In line with the immunocytochemical
data, the gene expression analysis revealed upregulation of astrocyte
markers (BLBP, GFAP, ALDH1L1, S100B, SLC1A3, SLC1A2, and GLUL) after
prolonged differentiation (15 + 5 wks) (Fig. 1F). Such robust changes
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were not observed with neural precursor cell (NPC) markers (PAX6,
MSI2H) or neuronmarkers (NF68, NF200, RBFOX3,MAP2, SYN1) (Fig. 1F).

The hiPSC line was shown to have a good capacity for neuronal dif-
ferentiation but limited astrogenesis (Fig. 1C and E). The hiPSC line effi-
ciently produced neuronal cells after standard differentiation time, and
the proportion remained also high after prolonged differentiation: 80%
at 8 + 4 wks and 70% at 15 + 4 wks (Fig. 1E). Contrary to the results
Fig. 2. Immunocytochemical characterization of neural cell types. Immunocytochemical stainin
and (B) hiPSC-derived 8+4wks and 15+4wks old cultures (n=1). (C, D) Synaptophysin stai
= 3). GFAP-positive astrocytes were sometimes found in close proximity to synaptophysin-pos
magnified viewof synaptophysin staining alongneuronal processes. (E, F) Astrocytes expressing
nuclear staining is shown in blue.
obtained with hESC line, the increase in astrocyte proportion in hiPSC
line was very modest, from 3% at 8 + 4 wks to 5% at 15 + 5 wks (Fig.
1E). The proportion of cells without any neural staining slightly in-
creased from 17% at 8 + 4 wks to 25% at 15 + 4 wks. Furthermore, at
the gene expression level, astrocyte markers were not upregulated in
the hiPSC line (Fig. 1G). To summarize, these findings demonstrate
that the hiPSC line (04311.WT) did not undergo astrocyte enrichment
g verified specific neuronal subtypes expressing GABA, GAD67 and vGlut in both (A) hESC-
ning co-localizedwith theneuronalmarkersMAP-2+β-tubulin in all analyzed cultures (n
itive neuronal processes after prolonged differentiation (15+ 4wks). Insets below show a
the cell type-specificmarkers S100β andGFAPwere found in all the cultures (n=1).DAPI

Image of Fig. 2
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as efficiently as the hESC line (Regea 08/023). On the other hand, NPC
and neuron markers were expressed at comparable level in both hPSC
lines supporting overall good neuronal differentiation capacity.

3.2. Immunocytochemical characterization of hPSC-derived neural cultures

The majority of neurons were positive for GABAergic or glutamater-
gic markers in both 8 and 15 wk. differentiated cultures (Fig. 2A and B).
Neurons expressing the presynaptic marker synaptophysin were de-
tected at all the studied time points (Fig. 2C and D). Combined staining
of synaptophysin with the neuronal markers revealed organized
synaptophysin-positive boutons in neuronal processes. Occasionally,
astrocyte processes were found aligned with synaptophysin-positive
neuronal processes (Fig. 2C and D). Astrocytes were characterized
with GFAP and S100 calcium-binding protein B (S100β) staining, and
in most cases, both markers were co-localized (Fig. 2E and F). As stated
earlier, the proportion of GFAP-positive astrocytes was increased after
prolonged differentiation especially in the hESC line (Fig. 1) (Fig. 2E).
Some astrocytes sent several-hundred-micrometer-long processes
which often closely intertwined with neuronal axons and dendrites.

3.3. Prolonged differentiation enhances maturation of GABAergic system

To study the basic functional properties of the hESC- and hiPSC-de-
rived neural cultures, we monitored intracellular Ca2+ dynamics using
Fluo-4 AM dye (Fig. 3). First, we imaged spontaneous Ca2+ signaling
and its blockage by tetrodotoxin (TTX). Next, γ-aminobutyric acid
(GABA) and glutamate were applied to demonstrate for the presence
of functional receptors for these major neurotransmitters. Finally, a
high concentration of KCl was used to induce depolarization and volt-
age-gated Ca2+ channel activation. The subsequent immunocytochem-
ical staining verified that Ca2+ signals were detected from both neurons
and astrocytes (Fig. 3A–C). Examples of neuronal and astrocyte Ca2+

signals are presented in Supplementary Movies 1 and 2.
Spontaneous neuronal Ca2+ transients were detected at all the stud-

ied time points in both hPSC lines. Neurons exhibited Ca2+ events with
single spikes and high-frequency oscillations (Fig. 3B andMovie 1). TTX
reversibly blocked spontaneous Ca2+ signaling in a subset of neurons
(Fig. 3B), indicating that the activation of Na+ voltage-gated channels
due to depolarization is a critical step for spontaneous, action poten-
tial-related Ca2+ signaling in neuronal cells (Fig. 3E and F).

Responses to GABA and glutamate application confirmed the pres-
ence of functional receptor-operated channels in neurons. Glutamate
induced an instant, strong Ca2+ elevation in the majority (85–99%) of
the analyzed neurons (Fig. 3G and H). The amplitudes of the glutamate
responses are presented in Supplementary Fig. 3A. In contrast to gluta-
mate treatment, the neuronal responses to GABA application varied
considerably between studied time points. In most cases, GABA had an
excitatory effect increasing intracellular Ca2+ (Fig. 3B) but occasionally
spontaneous activity of neurons was attenuated by GABA treatment
(Fig. 3D). In the hESC line, the proportion of neurons responding to
GABAwith a Ca2+ rise (excitatory action) decreased progressively dur-
ing both prolonged differentiation and adherent maturation. GABA re-
sponse decreased from 76% at 8 + 2 wks to 24% at 15 + 4 wks (Fig.
3I). The reduction in excitatory GABA response over time was not as
prominent in the hiPSC line as in the hESC line. In hiPSC line, proportion
of GABA-responsive cells decreased from 61% at 8 + 2wks to 51% at 15
+ 4 wks (Fig. 3J). The changes in GABA response amplitudes are pre-
sented in Supplementary Fig. 3C and D. To support these resultswe per-
formed RT-PCR analysis of chloride transporter genes NKCC1 and KCC2,
important for the developmental change of GABA response from excit-
atory to inhibitory (Ben-Ari et al., 2012). In both hPSC lines, the expres-
sion of NKCC1, a marker of early development, was strongest in 8
+ 1 wk. time point after which it was down-regulated (Fig. 3K). KCC2
expression, which starts later in development, was observed at 15 + 1
wk. time point (Fig. 3K).
All in all, both of the studied hPSC lines demonstrated similar trends
in the development of pharmacological responses over time. Matura-
tion of GABAergic system was observed as a result of prolonged
differentiation.

3.4. Prolonged differentiation promotes maturation of spontaneous activity

Spontaneous electrical activity in neuronal cultures was measured
using MEA (Fig. 4A and B) as previously described (Heikkilä et al.,
2009). Significant differences between hPSC lines, as well as numerical
details (medians and averages) are presented in Supplementary Table
3. To verify the dependency of activity on excitatory and inhibitory syn-
aptic factors, we used a pharmacological test battery containing N-
Methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)/kainate and GABA receptor ligands
(Supplementary Fig. 4).

The hESC-derived cultures followed an activity development curve
after standard differentiation with a high-activity peak at 8 + 3 and 8
+ 4 wks (Fig. 4C, E and G). Similar clear curves were not detected in
the hiPSC-derived cultures after standard differentiation (8+ wks; Fig.
4D, F and H) or from either of the hPSC lines after prolonged differenti-
ation (15+wks; Fig. 4C–H). All in all, thereweremore active electrodes
in the hESC-derived cultures, and prolonged differentiation significantly
reduced the proportion of active electrodes per culture with both hPSC
lines (Supplementary Table 2 and Fig. 4C and D).

Spike frequency in active electrodes is a frequently used measure of
neuronal activity (Fukushima et al., 2016). The median and average
spike frequency values are listed in Supplementary Table 3 (see also
Supplementary Movie 3). In the hESC-derived cultures, the spike fre-
quency reached a maximum during the high-activity peak at 8
+ 4 wks, with a median value of 0.276 Hz (Fig. 4E). At the correspond-
ing time point after prolonged differentiation (15 + 4 wks), the spike
frequencywas significantly reduced to 0.132Hz (p=0.020). Similar re-
ductions in spike frequency were observed with the hiPSC-derived cul-
tures (Fig. 4F).

Spontaneous bursts were detected in all the studied groups (Fig. 4C
and D). Prolonged differentiation (15+ wks) significantly reduced the
proportion of burst-detecting electrodes (Fig. 4C and D). Nonetheless,
in those burst-detecting electrodes, burst counts increased significantly
in both hPSC lines (Fig. 4G and H). In the hESC line, the greatest increase
in burst number was detected between 8 + 2 and 15 + 2 wks, from 30
to 81 bursts per electrode (p= 0.012). In the hiPSC line, the highest in-
creasewas already between 8+ 1 and 15+ 1wks, from 25 to 80 bursts
per electrode (p = 0.046).

According to these results, prolonged differentiation affected the or-
ganization neuronal activity similarly in both hPSC lines by condensing
the activity to fewer electrodes, which in turn expressed more frequent
burst activity. The spike frequency and burst counts in active electrodes
were similar between the hPSC lines verifying that the level of activity
development was comparable.

3.5. Prolonged differentiation affects burst characteristics

After concluding that both hPCS lines develop similar bursting activ-
ity, we next studied in detail the basic burst characteristics: spike fre-
quency in bursts, burst duration and number of spikes per burst (Fig.
5). Numerical details (median and mean values) of burst parameters
and significant differences between the hPSC lines are presented in Sup-
plementary Table 4. Prolonged differentiation (15+ wks) of the hESC-
derived cultures significantly increased the spike frequency in bursts
at 4 out of 5 time points (Fig. 5A). The difference was most notable be-
tween 8 + 3 and 15 + 3 wks, with median frequency values of 11 Hz
and 25 Hz (p b 0.001). In contrast, in the hiPSC line, spike frequency in
burstswas reduced as result of prolonged differentiation. This reduction
was most evident between 8 + 3 and 15 + 3 wks, when the median
values were 19 Hz and 5 Hz (p = 0.002, Fig. 5B).



Fig. 3. Ca2+ signaling after standard and prolonged differentiation. (A) For calcium imaging experiments neural culture was loaded with Fluo-4 AM Ca2+ indicator. On the left a representative
pseudocolor image of Fluo-4 loaded culture where red indicates high and blue indicates low Ca2+ levels. On the right is the same field after immunocytochemical staining of neuronal cells
(MAP-2 + β-tubulin) and astrocytes (GFAP). DAPI nuclear staining is in blue. Neurons are marked with small region of interest (ROI) and numbering, and astrocytes are marked with large ROI
and letters. Typical traces of (B) neuronal and (C) astrocyte Ca2+ signals. (D) Example traces showing attenuation of spontaneous neuronal Ca2+ signaling by GABA. Cultures showed both
spontaneous activity and responses to pharmacological treatments. (E, F) Percentages of neuronal cells silenced by TTX (1 μM) treatment after standard and prolonged differentiation. Percentage
of neuronal cells responding to (G, H) glutamate (Glut, 50 μM) and (I, J) GABA (100 μM) applications. The data are presented as the distribution of the percentages at each time point. The
median and interquartile ranges are indicated by lines, and the whiskers indicate the minimum and maximum of the data. A non-parametric Mann-Whitney U test was used for the statistical
analysis, and p-values b0.05 were considered significant. Significant p-values are presented in the images. See also Supplementary Fig. 3 for response amplitudes. The number of samples
analyzed is presented in Supplementary Table 2. For all analyses (E-J), cells with neuronal morphology responding to high K+ application were included. (K) The expression of chloride channel
genes NKCC1 and KCC2was determined with RT-PCR in both cell lines at 8 + 1 and 15 + 1 wk. time points (n = 1). The RT-PCR products from the two hPSC lines were analyzed on separate
gels and image exposure times for the two gels were identical. Otherwise the bands representing different genes and time points were cropped from a single image of one gel (Supplementary
Fig. 5B and C).
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Burst duration was significantly reduced by prolonged differentia-
tion (15+ wks) at 4 out of 5 time points in the hESC-derived cultures
(Fig. 5C). The difference was most prominent between 8 + 3 wks and
15 + 3 wks, with median values of 476 ms and 223 ms (p b 0.001). In
the hiPSC-derived cultures, however, prolonged differentiation in-
creased the burst duration; the median duration was 286 ms at 8
+ 3 wks and 1883 ms at 15 + 3 wks (p = 0.001, Fig. 5D). The number
of spikes per burst was unaffected in most time points (medians be-
tween 4 and 6; Fig. 5E and F). Almost all the significant changes in
spike frequency in burst and burst duration occurred at the same time
points (Fig. 5A and B vs. C and D). Therefore, it appears that changes in
burst duration were responsible for the differences in spike frequency
in bursts.

To summarize, after prolonged differentiation the hESC-derived cul-
tures demonstrated increased spike frequency in bursts, which was as-
sociated with reduced burst duration. Prolonged differentiation did not
support similar burst development in the hiPSC-derived cultures.

4. Discussion

In our culture system, prolonged differentiation resulted in a switch
from neurogenesis to astrogenesis recapitulating the in vivo develop-
mental stages, as previously described (Itsykson et al., 2005; Nat et al.,
2007). We characterized the effects of prolonged differentiation on
cell type composition, and studied neuronal function using Ca2+ imag-
ing and MEA. Here, we report that prolonged neuronal differentiation
enhances the functional maturation of hPSC-derived neuronal cultures.

Propensity for astrogenesis varied substantially between the studied
hPSC lines in long-term follow-up. The neuron-to-astrocyte ratio was
similar in both hPSC lines after standard 8 weeks of differentiation but
after prolonged 15 weeks of differentiation, the ratio was strikingly dif-
ferent. The astrocyte proportion in the hiPSC linewas very modest, only
5%, whereas the hESC line produced up to 50% of astrocytes. Earlier
studies also showed variation in neuron and astrocyte differentiation
among hPSC lines regardless of their origin (Emdad et al., 2012;
Toivonen et al., 2013). Especially in hiPSC lines, incomplete transgene si-
lencing and epigenetic differences can affect differentiation capacity
(Hatada et al., 2008; Kim et al., 2010). Although pluripotency-inducing
transgenes were silenced in the hiPSC line used in the present work,
possible methylation of astrocyte-specific genes might delay astrocyte
differentiation (Hatada et al., 2008; Majumder et al., 2013). Generally,
differentiation capacity is known to be related to intrinsic properties
of the particular hPSC line (Emdad et al., 2012; Hu et al., 2010;
Toivonen et al., 2013).

The neuronal cells produced a mixed population of glutamatergic
neurons with a subset of GABAergic neurons, as demonstrated by im-
munocytochemistry and functional measurements. These results are
in linewith a recent report characterizing the generation of glutamater-
gic and GABAergic neurons from hPSCs using another neurosphere dif-
ferentiation protocol (Floruta et al., 2017). Here, both hPSC lines
showed similar properties respective to action potential generation
and glutamate responsiveness. hPSC-derived neurons also responded
at comparative levels to high K+ and glutamate applications similarly
as previously described by Forostyak et al. (2013). After standard
8 weeks differentiation, our GABAergic population was immature and
responded to GABA application with excitation. Also, we detected ex-
pression of chloride transporterNKCC1, which is prominently expressed
in early GABAergic development (Ben-Ari et al., 2012). During
prolonged differentiation, we observed a typical reduction in the excit-
atory GABAergic response and concurrent increase chloride transporter
KCC2, a mature marker for chloride transporter development (Ben-Ari
et al., 2012). Together these changes imply developmental maturation
of the GABAergic system as a result of prolonged differentiation.

MEA experiments showed that spontaneous neuronal activity could
be repeatedly measured from all the studied time points. The analysis
revealed varying electrical activity patterns, resulting in a non-Gaussian
distribution of the data. A very comprehensive, large-scale study by
Wagenaar and colleagues showed similar MEA data distribution with
rodent primary neuronal networks (Wagenaar et al., 2006). Although
MEA studies with rodent-derived neuronal cultures provide a well-
established reference for future applications, even primary human and
primary rodent cultures are far from comparable. Human cultures
tend to have a significantly slower rate of activity development, lower
percentage of active electrodes and spike counts in comparison to ro-
dent cultures (Napoli and Obeid, 2016). The current results show that
also human stem cell-derived cultures have a comparatively low per-
centage of active electrodes and low spike counts. Therefore the charac-
teristics of hPSC-derived cultures need to be considered in MEA
experimental design, execution and data analysis.

MEA analysis revealed that prolonged differentiation decreased the
overall spike frequency and condensed electrical activity to particular
areas in the culture. Although the overall level of activity seemed to de-
crease in prolonged differentiation, the remaining activity organized
from single spikes into bursts with increasing bursting frequency. As
bursts are thought to represent more mature neuronal function, the in-
crease in burst number after prolonged differentiation should be ex-
pected. The observed reduction in the percentage of active and burst
detecting electrodes could be attributed to synaptic pruning
(Yamamoto and López-Bendito, 2012; Benders et al., 2015) or the in-
crease in proportion of astrocytes at the expense of neurons after
prolonged differentiation. Even though, the amount of spontaneous
spike and burst activity was in a comparable level between the studied
hPSC lines after prolonged differentiation, closer analysis revealed dif-
ferences in their activity patterns. In the hESC line prolonged differenti-
ation was associated with burst compaction. Mature compact bursts
were not formed similarly in the hiPSC line. This, and the slight increase
of non-neuronal and non-astrocytic cells in the hiPSC line after
prolonged differentiation may reflect aberrant differentiation, which
supports the observation that not all cell lines mature as efficiently
after extended culture times (Emdad et al., 2012; Toivonen et al.,
2013). Also, the studied hESC line produced a substantial amount of en-
dogenous astrocytes (N50%) which could partly help in stabilizing neu-
ronal activity and support compaction of burst activity in long-term
culture. However, dissecting these processes pharmacologically in as-
trocytes alone is very challenging, and new approaches are needed to
address these questions. Even though hPSC-derived neuron cocultures
with rodent astrocytes are relatively well established, the cocultures
with human astrocytes need to be better validated.

In conclusion, we found that the studied hPSC lines underwent neu-
rogenic-to-gliogenic switch during prolonged differentiation. However,
there were striking differences in the efficiency of astrogenesis which
should be considered also more carefully in the field. Despite its chal-
lenges, prolonged neural differentiation induces functional changes
which mimic the development occurring in vivo, and in the future it
can be utilized in development of more representative hPSC-derived
neural models.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scr.2018.01.018.
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Fig. 4. Spike and burst activity development after standard and prolonged differentiation. (A) Activity was measured with 9 electrodes per well. (B) Spikes were detected when their
amplitude exceeded a threshold of 5 × standard deviation of background noise. Vertical scale bar is 100 μV and horizontal 2 s. (C, D) The percentage of active (colored bars, no
texture) and burst detecting electrodes (colored bars, striped) was calculated from spike and burst counts determined using a custom-made MATLAB algorithm. (E, F) The spike
frequency in active electrodes was calculated from the same data. (G, H) The number of bursts in burst-detecting electrodes was also calculated. The numbers of spikes and bursts (E-
H) are presented as scatter plots on a logarithmic scale; each dot represents a single electrode, the horizontal line indicates the median, and whiskers indicate the interquartile range.
See also Supplementary Table 3. The numbers of analyzed cultures and electrodes are presented in Supplementary Table 2. Statistical significance was calculated using the Mann-
Whitney U test, and a p-value b0.05 was considered significant. Significant p-values are presented in the images.

159T. Paavilainen et al. / Stem Cell Research 27 (2018) 151–161

Image of Fig. 4


Fig. 5. Burst parameters after standard andprolonged differentiation. (A, B)MEAdatawere analyzedwith a custom-madeMATLAB script to determine the spike frequency in bursts. (C, D)
Burst durationwas also calculated. (E, F) The number of spikes per burstwas determined. Each dot in the scatter plot represents themedian result from a single electrode on a logarithmic
scale. The median and interquartile range are indicated by the line and whiskers, respectively. See also Supplementary Table 4. The numbers of analyzed cultures and electrodes are
presented in Supplementary Table 2. Due to high variation in the data, a small number of data points are outside the axis limits (A: 13; B: 4; C: 7; D: 8; E: 3; F: 4; see Supplementary
Table 4 for the full range of results). Statistical significances between groups were calculated using the Mann-Whitney U test and significant p-values (b0.05) are indicated in the figure.
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