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Developmental neurotoxicity (DNT) testing performed in rats is resource-intensive (costs, time, animals) and
bears the issue of species extrapolation. Thus, reliable alternative human-based approaches are needed for
predicting neurodevelopmental toxicity. Human induced pluripotent stem cells (hiPSCs) represent a basis for
an alternative method possibly being part of an alternative DNT testing strategy.
Here, we compared two hiPSC neural induction protocols resulting in 3D neurospheres: one using noggin and one
cultivating cells in neural inductionmedium(NIMprotocol). Performance of Nestin+/SOX2+hiPSC-derived neural
progenitor cells (NPCs) was compared to primary human NPCs. Generally, primary hNPCs first differentiate into
Nestin+ and/or GFAP+ radial glia-like cells, while the hiPSC-derived NPCs (hiPSC-NPC) first differentiate into
βIII-Tubulin+ neurons suggesting an earlier developmental stage of hiPSC-NPC. In the ‘Neurosphere Assay’, NIM
generated hiPSC-NPC produced neurons with higher performance than with the noggin protocol. After long-
term differentiation, hiPSC-NPC form neuronal networks, which become electrically active on microelectrode ar-
rays after 85 days. Finally, methylmercury chloride inhibits hiPSC-NPC and hNPCmigrationwith similar potencies.
hiPSC-NPCs-derived neurospheres seem to be useful for DNT evaluation representing early neural development
in vitro. More system characterization by compound testing is needed to gain higher confidence in this method.

© 2017 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

Research performed in animals helped understanding physiology
and disease and thus lead to the development of treatment strategies
over the past decades. However, there seem to be limitations in transla-
tion of animal data to humans (Leist and Hartung, 2013), which is one of
the discussed causes for failures in drug development (Kenter and
Cohen, 2006; Leist and Hartung, 2013; Seok et al., 2013). For this reason,
models that resemble humanphysiology on themolecular level and thus
might help predicting drug efficacy and adversity in humans are needed
(Leist and Hartung, 2013). Thus, the discovery that differentiated somat-
ic cells can be reprogrammed into human induced pluripotent stem cells
(hiPSCs) with the potential to self-renew and differentiate into most cell
types of the body (Takahashi et al., 2007) has been raising excitement
within the scientific community. Such hiPSCs are human-based and cir-
cumvent the ethical issues associated with primary human material or
human embryonic stem cells (hESCs) (Kao et al., 2008; Kastenberg and
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Odorico, 2008; Singh et al., 2015). Moreover, hiPSCs provide unlimited
cell sources,might render the possibility to overcome the species-depen-
dent shortcomings of animal cells and are thus possible alternative
models for basic research, disease modeling, drug development and tox-
icity screening (Robinton and Daley, 2012).

The development of the human brain is a highly complex procedure
relying on a large variety of neurodevelopmental processes including
proliferation, migration, differentiation, synaptogenesis and apoptosis
of neural progenitor cells (NPCs). The need for a spatiotemporally con-
certed action of such complex processes makes it especially vulnerable
to adverse effects of exogenous compounds (Rodier, 1995; Rice and
Barone, 2000). Identification of substances with adverse effects on
these processes is important, as resulting neurodevelopmental defects
may lead to cognitive and intellectual disability as well as to neurologi-
cal disorders (Grandjean and Landrigan, 2006). These do not only pose a
burden on individuals but also provide a socio-economic deficit for soci-
ety (Bellanger et al., 2013; Trasande et al., 2015).

At present, the gold standards for developmental neurotoxicity
(DNT) testing are the rat EPA 870.6300 DNT Guideline (EPA, 1998) and
the draft OECD TG426 (OECD, 2007). Performing either one involves
high costs (approx. €1,000,000/compound), takes up to one year and en-
gages a large number of animals. Still there are uncertainties in the
guidelines' methodology, evaluation, and regulation (Tsuji and Crofton,
2012). Thus, there is a need for alternative methods evaluating DNT po-
tential of pharmaceuticals and industrial compounds that has been
voiced by different stakeholders (Lein et al., 2007; Crofton et al., 2011;
Bal-Price et al., 2012, 2015a; Fritsche et al., 2017).

Different in vitromethods have been published over the last decade,
which evaluate a variety of DNT-related endpoints (Bal-Price et al.,
2012, Fritsche et al., 2015). Amongst models from different species
(human, mouse, rat) and methods (tumor, primary, stem/progenitor
cells), human stem/progenitor cell methods seem to be themost prom-
ising as they involve the correct species, resemble physiologically rele-
vant developmental processes and cover a large variety of relevant
endpoints (Fritsche et al., 2015). Such methods when based on human
embryonic stem cells have the drawback that they are prone to raising
ethical concerns when it comes to their usage in compound testing
(Kastenberg and Odorico, 2008; Dunnett and Rosser, 2014).

With the goal to overcome the species-dependent and ethical hur-
dles of current in vitro test methods, this study aimed to develop a
hiPSC-based neural progenitor cell (hiPSC-NPC) in vitro assay based on
hiPSC-derived neurospheres that allows assessment of multiple
neurodevelopmental endpoints. In addition to assessment of the
hiPSC-neurosphere assay performance by comparing two different neu-
ral induction protocols, hiPSC-NPCs' performance is compared to prima-
ry humanNPCs,which are considered as the gold standard for this study
(Moors et al., 2009).

2. Material and methods

2.1. hiPSC culture

The hiPSC lines A4, (Wang and Adjaye, 2011), and CRL2097 (charac-
terization in Figs. S1–S6) were cultured in mTeSR1 medium (Stemcell
Technologies, Germany) under feeder-free conditions on Matrigel (BD
Biosciences, Germany). Medium was changed every day and cells were
passagedmechanically using a 0.8mm×40mm syringe needle (BD Bio-
sciences, Germany). Both hiPSC lines were regularly tested for the ex-
pression of the pluripotency markers (Fig. S7) and their chromosomal
integrity (Fig. S2).

2.2. Neural induction

2.2.1. Noggin protocol
Neural induction was performed as previously described (Denham

and Dottori, 2011). Briefly, hiPSC colonies with hESC-like morphology

(Fig. S8) were treated with induction medium (KoDMEM (Invtirogen,
USA); 20% Knockout Serum Replacement (KSR, Invitrogen, USA);
2 mM L-Glutamine (PAA Laboratories GmbH, Germany); 1 × 10−4 M
non-essential amino acids (NEAA, Biochrom, Germany); 1 × 10−4 M
β-Mercaptoethanol (Invitrogen, USA); 1% Penicillin/Streptomycin (P/S,
Pan Biotech, Germany)) without growth factors but with 500 ng/mL
noggin (Peprotech, Germany) for 14 days. Afterwards, colonies were
cut and cultured in ultra-low-attachment (ULA) plates (Oehmen, Ger-
many) in neural proliferation medium (NPM) consisting of DMEM
(Life Technologies, USA) and Hams F12 (Life Technologies, USA; 3:1)
supplemented with 1× B27 (Invitrogen GmbH, Germany), 20 ng/mL
epidermal growth factor (EGF; Biosource, Germany) and 20 ng/mL
basic fibroblast growth factor (bFGF, R&D Systems, Germany) until
they formed free-floating three-dimensional neurospheres and were
referred to as hiPSC-NPCs which were kept in culture for an additional
28 days before starting experiments (Fig. 1B).

2.2.2. NIM protocol
This neural induction protocol was modified from a previously de-

scribed one (Hibaoui et al., 2014). Briefly, hiPSC colonies with hESC-
like morphology (Fig. S8) were cut and hiPSC clumps were cultured in
ULA plates (Oehmen, Germany) in neural induction medium (NIM)
consisting of DMEM (Life Technologies, USA) and Hams F12 (Life Tech-
nologies, USA; 3:1) supplemented with 1× B27 (Invitrogen GmBH, Ger-
many), 20 ng/mL EGF (Biosource, Germany) and 1× N2 supplement
(Invitrogen, Germany) for 7 days as embryoid bodies (EBs). Subsequent-
ly, EBs were transferred into new ULA plates with NIM containing
10 ng/mL bFGF (R&D Systems, Germany) for another 14 days. After-
wards, EBs were referred to as hiPSC-NPCs, transferred into new ULA
plates (Oehmen, Germany) and cultured as free-floating three-dimen-
sional neurospheres in NPM.

hiPSC-NPCs from both protocols were cultured under these condi-
tions for at least another 28 days before starting experiments (Fig. 1C).

Three neural inductions of each of the Noggin and the NIM protocol
were performed as independent experiments.

2.3. hiPSC-NPC and hNPC culture

Primary fetal hNPCs (GW 16–18) were purchased from Lonza
Verviers SPRL (Verviers, Belgium) and were kept in culture as passage
0 for 4 weeks after thawing. Primary hNPCs and hiPSC-NPCs were cul-
tured as 3D free-floating spheres in un-coated and ULA 100 mm petri
dishes, respectively, in NPM. Mediumwas changed every 2–3 days. Pro-
liferating neurospheres were passaged using aMcIlwaine tissue chopper
to cut them into smaller pieces with a diameter of 200 μm (Mickle Labo-
ratory, UK (Fritsche et al., 2011; Baumann et al., 2014)). After chopping,
spheres were allowed to recover for 2 days. This procedurewas also per-
formed two days prior to experiments to obtain sphere populations of
equal sizes.

2.4. Flow cytometry analysis

For FACS analysis 30 hiPSC-NPCs and primary hNPCs spheres each
with a diameter of 300 μmwere collected. Cells were singularized by in-
cubationwith Accutase (Invitrogen, USA) for 20min at 37 °C and 5% CO2.
Afterwards, cells were fixed with 4% paraformaldehyde (PFA, Sigma Al-
drich, Germany) for 30min at 37 °C and washedwith PBS (Life Technol-
ogies, USA). Subsequently, cells were permeabilized with 0.1% PBS-T
(Triton-X (Sigma Aldrich, Germany) in PBS) at room temperature for
15min. Finally, cells were stainedwith anti-Nestin-Alexa647 (BD Biosci-
ence, Germany) and anti-Sox2-PE (BDBioscience, Germany) in 0.1% PBS-
T in the dark at 4 °C for 30 min. Samples were analyzed using a BD
FACSCalibur flow cytometer (BD Biosciences, Germany).
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2.5. Quantitative reverse-transcription PCR

RNA was isolated using the RNeasy Mini Kit (Qiagen, Germany) ac-
cording to manufacturer's protocol. For reverse transcription, 300 ng
RNAwas transcribed into cDNA using the QuantiTect Rev. Transcription
Kit (Qiagen, Germany) according to manufacturer's protocol. Quantita-
tive reverse-transcription polymerase chain reaction (qRT-PCR) was
performed using the Rotor Gene Q Cycler (Qiagen, Germany) with
QuantiTect SYBR green PCR Master Mix (Qiagen, Germany) following
manufacturer's instructions. Primer sequences are presented in

supplementary Table 1. Analysis was performed with the ddCT method
and the detection limit was set to 0.0001/β-actin. Lower expressions are
indicated as ‘not detectable’ (nd).

2.6. Neurosphere assay

2.6.1. Proliferation assay
Six 300 μm neurospheres per condition were placed into 96-well

plates (Greiner, Austria) and cultured either in NPM containing
20 ng/mL EGF (Biosource, Germany) and 20 ng/mL bFGF (R&D Systems,

Fig. 1. Neural Induction Protocols to differentiate hiPSCs into neurospheres. hiPSCs were differentiated into neurospheres resembling primary human fetal neurospheres (A) using two
different protocols. (B): For the noggin protocol hiPSCs colonies were treated with 500 ng/μL noggin for 14 days. Afterwards they were cut into pieces and cultured as suspension
culture in neural proliferation medium (NPM) containing basic fibroblast growth factor (bFGF; Denham and Dottori, 2011). (C): For the NIM protocol hiPSC colonies were cut into
pieces and directly cultured as suspension culture in NIM. After 7 days, bFGF was added to the culture for additional 14 days. Finally, hiPSC-derived neurospheres were cultured in
NPM containing bFGF for at least 28 days (modified from Hibaoui et al., 2014). Scale bars = 500 μm. (D): hiPS-derived neurospheres generated with the Noggin protocol (B) and the
NIM protocol (C) were analyzed for their expression of the neural stem/progenitor markers Nestin and SOX2 via flow cytometry analyses and compared to primary human
neurospheres. Number of analyzed cells = 2000.
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Germany) or in NPMwithout growth factors for 14 days. Neurospheres
were visualized under a light-optical microscope (Olympus, Germany)
and photographed (camera: Visitron Systems, Germany) every 3–
4 days. Diameter was measured using ImageJ (National Institutes of
Health, USA). Medium was changed every 2–3 days during this assay
(Baumann et al., 2014).

2.6.2. Migration assay
NPC migration was assessed as described previously (Moors et al.,

2007; Baumann et al., 2014, 2016). For detailed description refer to Sup-
plementary material and methods.

2.6.3. Differentiation assay and immunocytochemistry
Five neurospheres per condition with a diameter of 300 μm were

plated in neural differentiation medium (NDM) containing DMEM
(Life Technologies, USA) and Hams F12 (Life Technologies, USA; 3:1)
supplemented with 1× B27 (Invitrogen GmBH, Germany) and 1× N2
supplement (Invitrogen, Germany) and cultured for 7 or 28 days. Medi-
umwas changed once a week. Afterwards, cells were fixed with 4% PFA
(Sigma Aldrich, Germany) for 30 min at 37 °C and washed with PBS.
Cells were stained with the primary antibodies (mouse-anti-βIII-Tubu-
lin and rabbit-anti-GFAP (Sigma Aldrich, Germany)) for 1 h at 37 °C. For
the co-staining of neurons and synapses, cellswere stainedwithmouse-
anti-βIII-Tubulin and rabbit-anti-PSD-95 (Abcam, UK) or mouse-anti-
Synapsin1 (Synaptic Systems, Germany) for 1 h at 37 °C. After washing
with PBS, cells were incubated with the secondary antibodies anti-
mouse-Alexa-546 (Invitrogen, USA) and anti-rabbit-Alexa488
(Invitrogen, USA) for 30 min at 37 °C. Nuclei were stained with
Hoechst33258 (Sigma Aldrich, Germany). Samples were analyzed
using a fluorescent microscope (Carl Zeiss, Germany) and the AxioVi-
sion Rel.4.8 software (Carl Zeiss, Germany).

2.6.4. Quantification of immunocytocemistry
βIII-Tubulin staining of the obtained fluorescent images (Fig. 3D)was

analyzed using a Fiji Macro (Schindelin et al., 2012). Briefly, imageswere
converted to 8-bit and a local background subtraction was performed
using the rolling ball method with a radius of 800 pixels. Consequently,
thresholds of the images were definedwith fixed background values ob-
tained through averaging Otsu threshold values of three images per ex-
periment. Resulting binary images were filtered for particles larger
than 100 pixels, to only obtain neuronal structures. Binary images were
analyzed for their area, and neurite mass was calculated by dividing
this area by the number of cell nuclei present in a given image. Neurite
mass is given as μm2/nucleus.

The total number of synapses, stained for SYNAPSIN-1 or PSD95,
which are co-localized with βIII-Tubulin+ neuronal cells (Fig. 4E, F),
were analyzed utilizing a self-written script in the Omnisphero software
(Schmuck et al., 2017). Twodifferent thresholdingmethodswere used to
pre-process βIII-Tubulin staining in the images. In a first step foreground
pixels were removed, using the imopen command (https://www.
mathworks.com/help/images/ref/imopen.html)with anon-flat structur-
ing element (ball) with different sizes to get an estimation of the uneven
background. This background was subsequently subtracted from the
image. On this image an adaptive thresholding method was applied
(https://www.mathworks.com/matlabcentral/fileexchange/8647-local-
adaptive-thresholding). The resulting binary image was used as a mask
to only extract areas from the initial thresholded image, located within
themask. Consequently, the imagewas thresholdedwith a fixed thresh-
old and calculated with the isodata algorithm (Ball and Hall, 1965). In a
second approach, the same initial background corrected images were
processed with various edge detecting algorithms (canny, prewitt,
sobel, Roberts and log; Canny, 1986; Lim, 1990; Parker, 1997). Resulting
binary images of edges were summed. This image was then added to
those obtained from the adaptive thresholding and small holes were
closed, utilizing the imfill function. PSD95 and SYNAPSIN-1 were also
processed by removing the foreground pixel to estimate the background.

Consequently, an isodata threshold was applied and large particles, not
considered synapses, were filtered out. In a final step all synapses not lo-
cated on a binary component of the neuron imagewere removed. As out-
put the area of the binary neuronal components was calculated, as well
as the number of synapse particles and the relative density of these par-
ticles as ameasure of particle per area. Quantified synapses are shown as
synapses/neurite area [μm2].

We calculated the number of synapses co-localizingwithβIII-Tubulin
positive neurites in relation to the respective neurite area in three repre-
sentative images of three independent neural inductions.

2.7. Methylmercury chloride (MeHgCl) treatment and viability assay

Neurospheres were plated as described for themigration assay in the
presence of the indicated concentrations of MeHgCl dissolved in DMSO
or 0.1% DMSO as solvent control in NDM for 24 h. Migration distance
was determined as described above and cell viability was assessed
using the Cell Titer-Blue® (CTB) Viability Assay (Promega, Germany) ac-
cording tomanufacturer's instructions. Briefly, primary andCRL2097 and
A4 hiPSC-based neurospheres were incubated with the CTB solution for
2, 3.5 and 4.5 h before fluorescence (540Ex/590Em) was measured
using a multimode microplate reader (Tecan, Switzerland).

2.8. Neuronal network differentiation on microelectrode arrays (MEA)

Recordings of electrical activity were performed using MEAs with a
square array of 59 substrate-embedded titaniumnitridemicroelectrodes
(30 μmdiameter, 200 μminter-electrode distance), and an internal refer-
ence electrode (200/30iR-Ti-gr,Multichannel SystemsMCSGmbH, Reut-
lingen, Germany). MEA chips were coated with PDL (0.1 mg/mL, 500 μL
for 48 h at 4 °C; Sigma Aldrich) and after washing and air-drying with a
50 μL-drop of Laminin (0.01 mg/mL, 48 h at 4 °C; Sigma Aldrich). After-
wards, ~200 hiPS-derived neurospheres (100 μmdiameter)were seeded
onto MEAs and incubated at 37 °C and 5% CO2 in NDM medium. For te-
trodotoxin (TTX) treatment, 1 μM of TTX (Tocris Bioscience, UK) was
added directly to the culture during recordings of the MEA. Afterwards,
cultures were washed three times with PBS and fresh NDM medium
was added. The same MEA was again measured after 48 h.

2.9. MEA recordings

Recordings of eachMEA were performed under sterile conditions for
10 min at one-minute intervals. Therefore, MEAs were placed in the
MEA-amplifier (MEA2100-2x60-System,Multichannel Systems, Germa-
ny) and equilibrated to 37 °C for 2min using the TC02 temperature con-
troller (Multichannel Systems, Germany). Recordings were performed
with the MC_Rack-Software (MC_Rack, Multichannel Systems, Germa-
ny), electrical activity was sampled at 25 kHz and a background noise
below 20 μV. To remove baseline variations, high- and lowpass filters
(MCS Filter V 1.0.7, Multichannel Systems, Germany) with cut-off fre-
quencies of 100 Hz and 3500 Hz, respectively, were used. Recordings
were analyzed by SpAnNer Software (SpAnNer XBD 3.6, Result GmbH),
which detected spikes with a threshold of 8.0 times the standard devia-
tion of the baseline noise level.

2.10. Statistics

All statistical analyseswere performed using GraphPad Prism6.00 for
Windows (GraphPad Software, La Jolla Carlifornia USA, www.graphpad.
com). To compare different groups of PCR analyses an unpaired t-test
was performed (Fig. 2A–C). All other data were analyzed using a two-
way ANOVA followed by Bonferroni test to correct for multiple testing.
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3. Results

3.1. Generation of NPCs from hiPSCs

Two different neural induction protocols were used to create 3D
neurospheres consisting of NPCs from hiPSCs. For the first approach
hiPSCs were treated with 500 ng/mL noggin (referred to as noggin pro-
tocol DenhamandDottori, 2011; Fig. 1B), a protein playing a crucial role
in neurogenesis by inhibition of bone morphogenic proteins (BMPs;
Lamb et al., 1993; Moreau and Leclerc, 2004). The second protocol
was based on a serum-free neural induction medium (referred to as
NIM protocol; modified from Hibaoui et al., 2014; Fig. 1C) containing
B27 andN2 supplementswithout additional SMAD inhibitors. Both pro-
tocols were tested in two different hiPSC lines, A4 (Wang and Adjaye,
2011) and CRL2097 (Fig. S1–S6) and resulted in free-floating aggregates
with spheroid morphology comparable to primary fetal human
neurospheres (Moors et al., 2009; Fig. 1A–C).

3.2. Characterization and comparison of proliferating hiPSC-NPCs to prima-
ry hNPCs

To ensure that resulting hiPSC-spheres consisted of NPCs, proliferat-
ing spheres were singularized and analyzed for the expression of the
neural stem cell/progenitor markers Nestin and SOX2 using flow cytom-
etry analyses. Primary hNPCs were analyzed in parallel (Fig. 1D). Almost
100% of primary hNPCs were double-positive for bothmarkers (Fig. 1D).
In comparison, hiPSC-NPCs obtained with the different protocols also
consisted of 89.98% and 87.18% (Fig. 1D) of Nestin+/SOX2+ cells, respec-
tively, and another approx. 8% of the cells were either Nestin or SOX2
positive, indicating that both differentiation protocols successfully pro-
duced hiPSC-NPCs.

For molecular characterization of proliferating hiPSC-NPCs in com-
parison with primary hNPCs and undifferentiated hiPSC cultures, we
studied the mRNA expression profiles of the pluripotency genes OCT4,
NANOG and SOX2, which are highly expressed in hiPSCs (Takahashi et
al., 2007;Warren et al., 2010; Vuoristo et al., 2013). Expectedly, undiffer-
entiated hiPSC expressed the highest amount of OCT4mRNA, which was
one and several orders of magnitude higher than in hiPSC-NPCs and pri-
mary NPCs, respectively (Fig. 2A). This pattern was similar for NANOG
mRNA expression (Fig. 2A). In case of SOX2, which is a pluripotency
and anNPCmarker (Breier et al., 2010; Zhang and Cui, 2014), expression
did not change during neural induction of hiPSC in accordance with our
expectations. The statistically significant difference of SOX2 mRNA ex-
pression between hiPSC-NPCs and hNPC, however, most likely has no bi-
ological relevance as expressions range in the same order of magnitude
(Fig. 2A).

Expression of the NPC marker Nestin as well as of the early
neuroectodermal marker PAX6 and the advanced neuronal maturation
markerMAP2 (Fig. 2B)were analyzed as neural/neuronalmarkers.Nestin
expressionwas very low in undifferentiatedhiPSCs (~0.006/β-actin), but
increased after neural induction in both hiPSC-NPCs reaching an expres-
sion level similar to primary hNPCs (Fig. 2B). A similar gene expression
pattern was detected for PAX6 and MAP2, which were not detectable
(nd; b0.0001/β-actin) in undifferentiated hiPSCs, but up-regulated in
both hiPSC-NPCs to levels comparable to primary hNPCs (Fig. 2B). Ex-
pression of the neuronal marker MAP2 was not detectable in hiPSCs
whereas it was measurable in both hiPSC-NPCs and primary hNPCs just
above the detection limit (N0.005/β-actin; Fig. 2B).

The expression profile of glial markers (PDGFRα, NG2, GFAP; Fig. 2C)
revealed very low abundance compared to pluripotency or neuronal
markers. Markers for oligodendrocyte progenitor cells, PDGFRα and
NG2, were similarly expressed in both hiPSC-NPCs compared to undif-
ferentiated hiPSCs and in primary hNPCs (Fig. 2C). The astrocytemarker

Fig. 2. qRT-PCR analyses of proliferating hiPSC-derived NPCs. hiPSC-derived proliferating neurospheres generated with the noggin and the NIM protocol were analyzed for their mRNA
expression profile regarding pluripotency (A; Oct4, Nanog, Sox2), neural/neuronal (B; Nestin, Pax6, Map2) and glial (C; PDGFRα, NG2, GFAP) markers using qRT-PCR analysis. Gene
expressions of hiPSC-derived NPC are compared to expressions of these markers in undifferentiated hiPSCs and primary hNPCs. Values are depicted with ddCT method as mean
+ SEM of relative marker expression to β-actin, n = 3; each n represents data from an independent neural induction. Statistical significance was calculated using the unpaired t-test; *
significant difference compared to undifferentiated hiPSCs (p b 0.05). # significant difference compared to primary hNPCs (p b 0.05). nd = not detected (N0.0001/β-actin).
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GFAP was not detectable in undifferentiated hiPSCs and just above the
detection limit in hiPSC-NPCs,whereas itwaswell detectable in primary
hNPCs (Fig. 2C). Taken these results together, hiPSC-NPCs and primary
hNPCs exert a similar gene expression regarding neural and neuronal
markers. However, expression of the glialmarkerGFAP revealed a differ-
ence between hiPSC-NPCs and primary hNPCs.

3.3. hiPSC-NPCs mimic the main processes of neurodevelopment

The previously established ‘Neurosphere Assay’ (Fig. 3A) studies
compounds' effects on hNPC proliferation,migration and differentiation
(Moors et al., 2007, 2009; Gassmann et al., 2010; Baumann et al., 2015).
Hence, here we evaluated these endpoints in a comparative study by
using primary hNPC and hiPSC-derived NPC generated by two different
protocols, NIM and noggin.

Monitoring neurosphere size over time (14 days) revealed that
hiPSC-neurospheres from the NIM protocol exhibited similar prolifera-
tive capacity compared to primary human neurospheres resulting in a
diameter increase of 550 μm and 450 μm, respectively, whereas hiPSC-
neurospheres from the noggin protocol proliferated less, resulting in a
diameter total increase of approximately 300 μm (Fig. 3B).

Themigration assay revealed that after 3 days hNPCs aswell as hiPSC-
NPCs covered a migration distance of approximately 700 μm (Fig. 3C).

To assess the neuronal differentiation potential of hiPSC-NPCs com-
pared to primary hNPCs, neurospheres were stained cells for the neuro-
nal marker βIII-Tubulin after 7 days of differentiation. All neurospheres
were able to differentiate into βIII-Tubulin+ neurons (Fig. 3D), but in
contrast to primary human neurospheres and hiPSC-neurospheres
from the NIM protocol, the noggin protocol resulted in neurons with
weaker βIII-Tubulin staining (Fig. 3D). Moreover, quantification of the

Fig. 3. Comparative functional analyses of hiPSC-neurospheres and primary human neurospheres using the ‘Neurosphere Assay’. (A): The ‘Neurosphere Assay’ is a method to determine
basic processes of neurodevelopment (proliferation, migration, differentiation and viability) in vitro. (B): Proliferation was measured for 14 days in neural proliferation medium (NPM)
with (solid line) or without growth factors (GF; dotted line). Values represent mean ± SD, n = 3. Scale bars = 200 μm. (C): Migration distance of migrating cells 3 days after plating
of neurospheres on Poly-D-Lysin (PDL)/Laminin coated plates in NDM. Values represent mean + SEM, n = 3. Scale bars = 500 μm. (D): Immunocytochemical stainings and
quantification of at least five representative immunocytochemical images per neural induction for the neuronal marker βIII-Tubulin in 7 days differentiated NPCs of different origins
plated on PDL/Laminin coated plates in NDM. Nuclei were stained with Hoechst 33258 (blue). Each n represents an independent neural induction; Scale bars in large images = 100
μm; scale bar in insertions = 20 μm.
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immunocytochemical stainings might suggests that hiPSC-
neurospheres generated with the NIM protocol contain a larger area of
βIII-Tubulin+ neurite staining than primary hNPC or hiPSC-NPC gener-
atedwith the noggin protocol (Fig. 3D). In addition, the images from the
cultures derived from the noggin protocol reveal a higher number of
condensed nuclei indicating spontaneous apoptosis (insertions of Fig.
3D). The displayed image is a representative example for this finding.

Taken together these results show that the NIM protocol results in
hiPSC-neurospheres, which better resemble primary human
neurospheres and display more promising neuronal differentiation
than spheres generated with the noggin protocol. Therefore, all follow-
ing experiments were performed using the NIM protocol.

3.4. hiPSC-NPCs are able to differentiate into functional neuronal networks
with spontaneous electrophysiological activity

After 28 days of differentiation, immunocytochemical staining re-
vealed βIII-Tubulin+ neurons and GFAP+ astrocytes in primary as well

as hiPSC-neurospheres (NIM; Fig. 4A+B). In contrast to primary hNPC,
neurons of hiPSC-neurospheres built a dense neuronal network possibly
indicating a higher neuronal maturation state (Fig. 4C, D). This observa-
tion is supported by immunocytochemical stainings for the pre-synaptic
marker SYNAPSIN-1 and the post-synaptic marker PSD-95, of which the
quantification of the staining (Fig. 4G) reveals an approximately similar
number of SYNAPSIN-1 and PSD95-positive dots/neurite area: whereas
hiPSC-derived neurons co-stain for βIII-Tubulin and SYNAPSIN-1 or
PSD-95 (Fig. 4E, F), neurons of primary NPCs are negative for these
markers (Fig. S9).

In order to study the functionality of these neuronal networks, hiPSC-
neurospheres were cultivated on MEAs in NDM for up to 6 months. The
first spontaneous electrophysiological signals were measured after
3weeks of differentiation (data not shown). After 85 daysmultiple single
spikes were detected (Fig. 5A), indicative of an immature neuronal net-
work. A detailed analysis revealed the typical morphology of
monophasic spikes characteristic for physiological action potentials
(Fig. 5B, C). Additionally, hiPSC-derived neuronal networks were

Fig. 4.Comparative immunofluorecent stainings of 28-days differentiated neurospheres. Primary hNPCs (A/C) and hiPSC-NPCs (B/D)were stained forβIII-Tubulin (neurons, red, A–D) and
GFAP (astrocytes/NPCs, green, A/B) after 28 days of differentiation. hiPSC-NPCs show co-localization of βIII-Tubulin (red) with the synapse markers Synapsin1 (green, (E)) and PSD-95
(green, (F)) and three representative images of results from three independent neural inductions were quantified (G). Nuclei are counter-stained with Hoechst 33,258. Scale bars A–F
= 100 μm.
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sensitive to TTX, demonstrating that the electrophysiological activity in
our culture was sodium ion channel-dependent (Lee and Ruben, 2008).
This blockage was reversible, as action potentials increased in number
and magnitude after a 48 h recovery period in NDM (Fig. 5D), pointing
to an adaptive mechanism like homeostatic plasticity.

3.5. hiPSC-NPCs identify disturbances of migration by MeHgCl

To determine if the hiPSC-neurospheres generated with the NIM
protocol are a useful model for DNT in vitro testing, we performed a
proof-of-principle study by treating primary human and hiPSC-derived
neurospheres with the DNT model compound MeHgCl (Kadereit et al.,
2012). This compound causes mental retardation and developmental
delay in children exposed in utero (Grandjean and Landrigan, 2006,
2014). DNT of MeHgCl is amongst others due to its inhibition of cell mi-
gration resulting in global brain disorganization (Schettler, 2001). Using
the ‘Neurosphere Assay’ we showed that MeHgCl exposure inhibited
hNPC migration in vitro (Moors et al., 2007, 2009; Baumann et al.,
2015). In this study, exposure to increasing concentrations of MeHgCl

for 24 h decreased migration distance and viability of hiPSC-derived
and primary human neurospheres in a concentration-dependent man-
ner (Fig. 6) with a lowest observed adverse effect concentration
(LOAEC) for migration of 0.3 μM MeHgCl for both cell types, whereas
the LOAEC for viability was 3 and 1 μM, respectively (Fig. 6A, B). Despite
similar LOAECs for migration inhibition, EC50 values differed between
hiPSC-derived NPC (0.39 μM) and primary hNPC (0.77 μM) for this end-
point, while EC50 values for viability did not differ significantly from
each other (2.74 and 2.35 μM, respectively, Table 1).

4. Discussion

Fetal hNPCs cultured as neurospheres represent a valuablemodel for
studying neurodevelopmental processes (Svendsen et al., 1998) and
thus we have been establishing the hNPC-based ‘Neurosphere Assay’
(Fig. 3A) as an alternative method for analyzing neurodevelopmental
toxicity in vitro (Moors et al., 2007, 2009; Gassmann et al., 2010;
Baumann et al., 2015). Timing is an important trait during development,
thus a possible in vitro testing strategy should cover different stages of

Fig. 5.Electrophysiological activity of hiPSC-derived neuronal networks grown onMEAs. (A): Representative spike raster plot of hiPSC-NPCs differentiated for 85 days on aMEA. Each cross
denotes a spike representing an action potential. (B): Spike train of hiPSC-NPCs after 82 days of differentiation. (C): Detected spikes after 85 days of differentiation in a spike overlay.
Depicted is one representative out of 7 electrically active chips. (D): After treatment with 1 μM TTX no action potentials (APs) were detected in a hiPSC-NPCs culture differentiated on
MEAs for 84 days. After removal of TTX the networks recovered after 48 h resulting in APs with higher frequency and higher amplitude.
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development. Therefore, we set up a hiPSC-NPC ‘Neurosphere Assay’,
which we compared to primary human neurospheres (Fig. 3) as we ex-
pected these cells to closer resemble the embryonic period.

hiPSCs bear great potential for future research, as they (i) provide un-
limited human cell material, (ii) do not provide the ethical concerns of
hESCs and (iii) hold the possibility for human compound hazard assess-
ment and disease modeling (Hatakeyama and Goto, 2016; Mlody et al.,
2016; Xie and Tang, 2016). Thus, they are thought to be a useful tool
for neuropharmacology/−toxicology (Jennings, 2015). There are nu-
merous publications dealing with the differentiation of hiPSCs into the
neuroectodermal lineage either under 2D (Espuny-Camacho et al.,
2013; Palm et al., 2015) or 3D (Karumbayaram et al., 2009; Mahairaki
et al., 2014) culturing conditions. Neural differentiation is induced either
throughBMP and transforming growth factorβ3 (TGFβ3) inhibition, also
known as dual SMAD inhibition (Chambers et al., 2009; Denham and
Dottori, 2011; Du et al., 2012; Qiang et al., 2013; Naujock et al., 2014),
or by N2 and/or B27 medium supplements (Brennand et al., 2011;
Lancaster et al., 2013; Hibaoui et al., 2014). In the present study, we
reproduced, optimized and compared two differentiation protocols: (i)
BMP inhibition via noggin (noggin protocol; Denham and Dottori,
2011) and (ii) neural induction via N2 and B27 medium supplements
(NIM protocol; modified from Hibaoui et al., 2014). Neural induction
was performed in a 3D spherical format as cells grown as organoids
seem to be closer to the in vivo situation than 2D monolayer cultures
(Yamada and Cukierman, 2007; Alepee et al., 2014). The cells derived
from both differentiation protocols were compared to primary hNPCs
derived from fetal brains. Both protocols resulted in free-floating
spheres, which were comparable to primary cells with regard to mor-
phology (Fig. 1A–C), expression of neural stem/progenitor markers
(Fig. 1D) and the expression profile of pluripotency as well as neural/
neuronal markers (Fig. 2A, B). With respect to glial markers hiPSC-
NPCs from both protocols resulted in cells, which seem to represent an
earlier maturation stage than primary hNPCs (Fig. 2C). These findings
are in linewith previous studies reporting that hiPSC-NPCs and so-called
EZ spheres, which resemble an early hiPSC-derived neural stem cell

(NSC) stage, expressed significantly less glial markers, including GFAP
and S100β, compared to primary hNPCs (Shofuda et al., 2013; Sareen
et al., 2014). However, these two studies compared hiPSC-derived NPC
to primary embryonic hNPCs of GW 10 (Yamane et al., 2011) and 8, re-
spectively, while the primary NPCs used in our studywere of later gesta-
tion, i.e. fetal origin (GW 16–18). That fetal proliferating NPCs express
GFAP is probably due to the fact that GFAP-expressing radial glia,
which are in fact NPC (Merkle et al., 2004), play a major role in
corticogenesis and are thus present in the progenitor cell preparation
of GW 16–18 human brains. Because hiPSC-derived NPCs are generated
from stemcells, these cells seem to reflect an earlier developmental stage
hardly expressing GFAP, but Nestin and SOX2. This is supported by the
observation that 72 h after start of migration neurons migrate on top of
GFAP+/Nestin+ and GFAP−/Nestin+ glia cells in hNPC and hiPSC-de-
rived NPC, respectively (Fig. S10). Glia cell differentiation from stem
cells takes longer than neuronal differentiation in vitro (Hu et al., 2010)
and neurons also arise before glial cells in vivo (Kolb and Gibb, 2011).
Thus, gene expression analyses of primary fetal hNPC and hiPSC-derived
NPC indicate that eachmodel reflects its respective time of development,
i.e. fetal and embryonic, respectively.

Performing the ‘Neurosphere Assay’ (Moors et al., 2007; Breier et al.,
2010; Gassmann et al., 2010; Fritsche et al., 2011; Gassmann et al., 2012;
Baumann et al., 2014, 2015) with hiPSC-derived neurospheres we ana-
lyzed basic processes of early brain development (Fig. 3): NPC prolifer-
ation and differentiation of hiPSC-NPC generated with the NIM protocol
were more similar to primary human neurospheres and more effective
than hiPSC-NPC generated with the noggin protocol, which produced
neurons with weaker βIII-Tubulin staining (Fig. 3B, D). Therefore, this
protocol was used for all further experiments.

To study if neurons differentiated from either neurospheres were
functionally active, we differentiated hNPC and hiPSC-derived
neurospheres for 28 days and then immunocytochemically stained
them for different markers. hiPSC-neurospheres formed neuronal net-
works consisting of βIII-Tubulin+ neurons and GFAP+ astrocytes (Fig.
4B, D), which seemed to be more mature, dense and connected than
those formed by primary human neurospheres (Fig. 4A, C). This was
confirmed by immunocytochemical stainings for the synaptic markers
SYNAPSIN1 and PSD-95, which were only present in hiPSC-derived
neurospheres (Fig. 4E–G, Fig. S9). This is in line with previous studies,
which reported the expression of the pre- and postsynaptic markers
SYNAPTOPHYSIN and PSD95 in hiPSC after 4 weeks of differentiation
under 2D culturing conditions (Palm et al., 2015).

In hiPSCs-derived neural cultures neuronal activity on MEAs was
monitored in form of asynchronous single spikes starting from 3 weeks
of differentiation (Fig. 5), whereas no activity could be measured from
primary human neurosphere networks (data not shown). Over the
whole incubation period of up to 6 months we observed in turn periods
with more and periods with less activity (data not shown), but neither
increased number of single spikes, nor synchronicity. The data from
Heikkilä and co-workers, who worked with hESC-derived neurons
(Heikkilä et al., 2009), indicate that our data represents an immature
neuronal network. Nevertheless, our hiPSC-derived neuronal networks
exhibited positive and negative monophasic spikes (Fig. 5B, C) as previ-
ously described (Heikkilä et al., 2009). The same holds true for the spike
amplitude of+/− 20–80 μV (Fig.5B, C). Moreover, hiPSC-derived neuro-
nal networks were sensitive to TTX (Fig. 5D), as previously shown by
patch clamp analyses (Palm et al., 2015). As TTX is a potent neurotoxin
which blocks voltage-gated sodium channels, these data show that the
electrophysiological activity of our culture is sodium channel-dependent
(Lee and Ruben, 2008). The effect of TTX was reversible as networks
started firing again with even higher amplitudes and frequencies after
a recovery period. This is in line with the literature, as TTX treatment in-
fluences miniature excitatory postsynaptic current amplitude and fre-
quency depending on the culture time in vitro (Turrigiano et al., 1998;
Wierenga et al., 2006). At this timewe can only speculate on the absence
of synchronous signals. One possible explanation is insufficient

Fig. 6. Effect of the DNT model compound MeHgCl on neurosphere migration. Primary
hNPCs and hiPSC-NPCs were treated with different concentrations of MeHgCl (30 nM –
3 μM) for 24 h. Migration distance (solid lines) and viability (dotted lines) were
measured. Comparison of MeHgCl effects on migration and viability of primary hNPCs
(blue) and hiPSC-NPCs (NIM; orange). Data is presented as concentration-response
curve fits and is plotted for comparison of endpoints between cell systems. * significant
difference compared to the respective control. # significant difference between the two
measured endpoints. All values represent mean ± SD, n = 3; each n represents data
from an independent neural induction, p b 0.05.

Table 1
Calculated EC50 values for MeHgCl treatment on migration distance and viability.

EC50 values Primary hNPC hiPSC-NPCs

Migration 0.77 μM 0.39 μM
95% confidence interval (migration) 0.59–0.99 μM 0.30–0.53 μM
Viability 2.35 μM 2.74 μM
95% confidence interval (viability) 1.17–4.73 μM 1.29–5.81 μM

80 M. Hofrichter et al. / Stem Cell Research 25 (2017) 72–82



maturation of the neurons differentiated from hiPSC-derived NPCs. Re-
cently, Palm and co-workers reported that hiPSC-derived neurons exhib-
ited presynaptic, but no postsynaptic currents in voltage clamp
recordings after 4 weeks of differentiation illustrating an incomplete
neuronal network even though both pre- and postsynaptic markers
were present (Palm et al., 2015). These observations reflect our data
and might indicate that maturation of hiPSC-derived neurons either
takes longer compared to hESC-derived neurons or requires special me-
dium supplements. This is in line with recent findings indicating that
complete network maturation of commercially available iPSC-derived
cerebral cortical neurons takes 20 to 30 weeks (Odawara et al., 2016)
and that co-culture with 1% rat astrocytes and 20% rat primary cortical
astrocyte-conditioned medium increases the firing rate (Odawara et al.,
2014). Additional experiments, e.g. supplementation of creatine, choles-
terol or estrogen (Brewer et al., 2008) to the medium, are needed to
study if hiPSC-neurosphere differentiation on MEAs can also be en-
hanced to form synchronized neuronal networks. Also, brain-derived
neurotrophic factor (BDNF), glial cell line-derived neurotrophic factor
(GDNF), TGF-β3, dibutyryl-cAMP (dbcAMP) or ascorbic acid induce neu-
ronal maturation and might lead to synchronous signals in our system
(Heikkilä et al., 2009; Palm et al., 2015).

It has recently been suggested that iPSCs could provide ‘the future of
in vitro toxicology’ (Jennings, 2015) and there is consensus that alterna-
tive in vitromethodsmight be suitable for DNT hazard and potency eval-
uation (Tsuji and Crofton, 2012; Bal-Price et al., 2015a). Amongst others,
the ‘Neurosphere Assay’ using primary fetal hNPCs (Moors et al., 2009;
Gassmann et al., 2010; Fritsche et al., 2011; Baumann et al., 2015) already
complies with this approach. In the present study we provide first evi-
dence that hiPSC-NPCs generated with the NIM protocol might be a use-
ful addition to a possible DNT testing strategy as they seem to resemble
an earlier stage of brain development. As a-proof-of-principle the DNT-
compound MeHgCl, which causes mental retardation and disturbs neu-
ral migration in children exposed in utero (Choi et al., 1978; Choi,
1986), inhibits hiPSC-derived NPCmigration (Fig. 6). IC50 values for inhi-
bition of migration and effects on viability were comparable between
primary human and hiPSC-neurospheres (Table 1). This is not surprising
because MeHgCl's mode of action, interference with SH-groups of pro-
teins and other molecules and production of oxidative stress, which dis-
turbs cytoskeletal function necessary e.g. for migration (Bal-Price et al.,
2015b), explains similar migration disturbance in both models despite
different developmental stages. To better understand the application do-
main for neural migration analyses using hiPSC-derived NPC, further
studies are needed evaluating the functionality of signaling molecules/
pathways known to contribute to normal migration like e.g. PLCγ1,
GDNF-RET, BDNF/TrkB, PDGFR, FGFR, mTORC1 and Reelin-Dab (Lee,
2015; Ohtaka-Maruyama and Okado, 2015; Kang et al., 2016). In addi-
tion, chemicalswith knownDNT activity need to be tested in this system.

5. Summary and conclusion

In this study we show that hiPSC-derived NPC proliferate, migrate
and differentiate similarly to primary fetal hNPCs. However, hiPSC-
NPC seem to reflect an earlier developmental stage with primarily neu-
ronal and slower glia cell differentiation than fetal hNPC. In addition,
neurons differentiated from hiPSC-derived NPC exert measurable elec-
trical activity. These data suggest that the hiPSC-based neurosphere
assay might be a tool to complement the primary neurosphere assay
for DNT in vitro testing by (i) covering an earlier stage of development
and (ii) adding the endpoint of neuronal network formation to a poten-
tial neurosphere-based DNT testing battery we suggested earlier
(Baumann et al., 2015).
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Supplementary Material and Methods:

Reprogramming of CRL2097

1 x 106 primary neonatal human fibroblast (CRL-2097, ATCC, Manassas, VA, USA) of early 

passage were nucleofected with 1 μg each of following plasmids: pCXLE-hSK (SOX2, KLF4), 

pCXLE-hUL (L-MYC, LIN28) and pCXLE-hOCT3/4-shp53-F (OCT3/4, shRNAp53)1 according 

to standard Amaxa protocol (VPD-1001, program U-020). Afterwards cells were cultured in 

DMEM with 10% FCS at 37°C and 5% CO2. After one week cells were replated onto a

feeder layer of mouse embryonic fibroblasts (MEFs) and cultured with human embryonic 

stem (ES) cell medium (DMEM/F12 containing 20% KSR (Invitrogen, Carlsbad, CA, USA), 

10 ng/ml bFGF (PeproTech, Rocky Hill, NJ, USA), 1 mM L- non-essential 

-mercaptoethanol, 50 U/ml penicillin and 50 mg/ml streptomycin), in 

the presence of 3 μM MEK1 (Axon, PD184352, London, UK), 1 M GSK3 (Axon, 

CHIR990212-4 and histone deacetylace (HDAC) inhibitor butyrate 0,5 mM (Sigma, 303410, L' 

lsle D'Abeau, France5.

For first passaging, hiPSC clones were mechanically isolated and further singularized

enzymatically using dispase (temporally in the presence of ROCK inhibitor, (Tocris, Bristol, 

UK). Afterwards cells were again cultured on MEFs with human ES media.

The total RNA of hiPSC was analyzed for endogenous and exogenous (episomal) 

expression of reprogramming factors using qRT-PCR. Respective primers were used as 

previously published1. Practically a complete disappearance of expression of exogenous 

reprogramming factors was confirmed at passage 10 (Fig. S5).

in vitro hiPSC differentiation and teratoma formation.

A spontaneous in vitro differentiation of hiPSCs into embryoid bodies (EBs) was performed 

as described elsewhere6. Briefly, hiPSC colonies were harvested using dispase and left to 

form round-shaped EBs in low-attachment cell culture plates. Spontaneous differentiation 

was induced by withdrawal of bFGF from hES media for two weeks. Total RNA from EBs 
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were characterized by qRT-PCR for decline of pluripotency associated genes and 

appearance of markers bound to developmental progression of major tissues6; Fig. S6).

Following the positive outcome of spontaneous in vitro differentiation we performed a

teratoma formation assay in NUDE mice7,8. Briefly, when hiPSC culture reached 75% 

confluency, clones were pre-treated with ROCK inhibitor, enzymatically harvested by dispase 

to dispose of MEFs and shortly trypsinized by TripLE (Invitrogen, Carlsbad, CA, USA) in 

order to get a single cell suspension. 1 x 107 hiPSC were resuspended in 200 μl of 1:1 

matrigel/KO DMEM in the presence of 10 μM of ROCK inhibitor. Cell suspension was 

injected intraperitoneally and intramuscularly into NUDE mice (Charles River, Saint-Germain-

sur-l’Arbresle, France, Crl:NU(Ico)-Foxn1Nu). Six to eight weeks post injection mice were 

sacrificed and tumors were surgically removed. Each tumor was approx. 0.5 - 1 cm in 

diameter. Tissues were then, either fixed in 4% PFA, embedded in paraffin and sliced for IHC

(Fig. S4) or snap frozen in liquid nitrogen for further analysis. All work on teratoma and 

histological analysis has been performed at the IGBMC animal house, in association with the 

Institut de la Clinique de la Souris (ICS), Illkirch, France.

Immunofluorescence (IF) and immunohistochemistry (IHC) were done as previously 

described6.

Briefly, for IF, hiPSC clones were grown on glass chamber slides, fixed with 4% PFA, 

washed, permeabilized (staining for nuclear factors) or left untreated (staining for

transmembrane proteins), blocked with serum and stained with specific antibodies, as well 

for Alkaline Phosphatase (AP; Sigma, AB0300, L' lsle D'Abeau, France).

Briefly, for IHC, slides with teratoma tumors were deparaffinized, hydrated, pre-heated with 

citrate buffer, blocked and stained with specific antibodies or H&E, respectively (Fig. S4).

Antibodies: NANOG (Abcam, ab21603, Paris, France), OCT3/4 (Santa Cruz, sc-5279,

Dallas, TX, USA), TRA-1-60 (Millipore, MAB4360, Molsheim, France), SSEA4 (Millipore, 

MAB4304, Molsheim, France), GFAP (DAKO, Z033429, Bollschweil, Germany), TuJ/ 3-

tubulin (Covance, MMS-435P, Geneva, Switzerland), Smooth muscle actin (Sigma, A-5228,
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L' lsle D'Abeau, France), Chondroitin (Sigma, C8035, L' lsle D'Abeau, France), FoxA2 (R&D 

Systems, AF2400, Minneapolis, MN, USA) and AFP (DAKO, A000829, Bollschweil, 

Germany).

Microarray and SNP array profiling of CRL-2097 hiPSCs.

Total RNA from CRL-2097 hiPSC (passage 10) was subjected to a library preparation and 

hybridized on Affymetrix Human 1.0 ST Array (IGBMC gene expression and sequencing 

facility, Illkirch, France). Gene expression profile was aligned and compared to already 

published mRNA profiles of WT hiPSC (GSM676321), H9 hESC (GSM676323) and WT 

fibroblast (GSM676320) analyzed on the same Affymetrix platform9; Fig. S3).

To characterize genomic integrity of CRL-2097 hiPSC, the library was prepared from the 

genomic DNA and hybridized onto The High Density Single Nucleotide Polymorphism (SNP) 

Mapping Array (250K) (IGBMC gene expression and sequencing facility). Further detailed 

analysis at a low resolution revealed the absence of big chromosomal changes, such as 

deletions or duplications (Fig. S2A). Higher resolution, a window size of 100 kb, revealed 

insignificant chromosomal changes represented by heterozygous deletions or amplifications 

(Fig. S2A, red or blue arrow heads). These detected regions did not contain any cancer-

associated genes.

Flow cytometry analysis of hiPSCs

For flow cytometry analysis hiPSCs were treated with 10 μM ROCK inhibitor (R&D Systems, 

Germany) for 1 h. Subsequently, cells were singularized by incubation with Accutase 

(Invitrogen, USA) for 20 min at 37°C and 5% CO2. Afterwards, cells were stained with anti-

SSEA4-APC (Miltenyi, Germany) and anti-TRA-1-60-PE (Miltenyi, Germany) antibodies in 

PBS (Life Technologies, USA) in the dark at 4°C for 30 min. Samples were analyzed using a 

BD FACSCalibur flow cytometer (BD Biosciences, Germany; Fig. S7).
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Cytogenic analysis of hiPSC line A4

Cytogenetic analyses were performed by the Institute of Human Genetics at the Heinrich-

Heine University Düsseldorf, Germany. Cytogenetic analyses were done using GTG-banding 

of chromosomes as described preciously10. 1 x 106 cells were grown to 80% confluency in

mTeSR1 medium (Stemcell Technologies, Germany) and treated with colcemid 6.5 h before 

harvesting. Preparation of chromosomes was carried out according to standard procedures11

accredited for clinical diagnostics. Two independent cultures were set up and a total of 30 

and 32 metaphases were analysed, respectively. Chromosomes were identified and sorted 

manually using a bright-field microscope.

Migration assay

Five neurospheres per condition with a diameter of 300μm were plated on 0.1mg/mL poly-D-

lysin-hydrobromide (PDL, Sigma Aldrich, Germany) and 0.01mg/mL Laminin (Sigma Aldrich, 

Germany) coated eight-chamber slides (BD Biosciences, Germany) in neural differentiation 

medium (NDM) containing DMEM (Life Technologies, USA) and Hams F12 (Life 

Technologies, USA; 3:1) supplemented with 1x B27 (Invitrogen GmBH, Germany) and 1x N2 

supplement (Invitrogen, Germany). After 24h or 72h individual neurospheres were 

photographed and radial migration distance was assessed by measuring the length at four 

distinct locations between the edge of the sphere and the furthest migrated cells using 

ImageJ (National Institutes of Health, USA). For endpoint specific controls, neurospheres 

were treated either with 20ng/mL EGF (Biosource, Germany) or 10μM PP2 (Sigma Aldrich, 

Germany) which led to an increase or decrease of migration area, respectively.
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ABSTRACT

There is evidence that chemical exposure during development can cause irreversible impairments of the human
developing nervous system. Therefore, testing compounds for their developmentally neurotoxic potential has high priority
for different stakeholders: academia, industry, and regulatory bodies. Due to the resource-intensity of current
developmental neurotoxicity (DNT) in vivo guidelines, alternative methods that are scientifically valid and have a high
predictivity for humans are especially desired by regulators. Here, we review availability of stem�/progenitor cell-based in
vitromethods for DNT evaluation that is based on the concept of neurodevelopmental process assessment. These test
methods are assembled into a DNT in vitro testing battery. Gaps in this testing battery addressing research needs are also
pointed out.

Key words: developmental neurotoxicity testing; DNT; neurological damage.

There is evidence that chemical exposure during develop-
ment can cause irreversible impairments of the human de-
veloping nervous system (Andersen et al., 2000; Bearer, 2001;
Claudio, 2001; Grandjean and Landrigan, 2006, 2014; Mendola
et al., 2002; Rodier, 1995; Slikker, 1994). Neurological damage
ranging from subtle to severe imposes significant burdens on
affected individuals, their families, and society (Goldman and
Koduru, 2000; Weiss and Lambert, 2000). Therefore, testing
compounds for their developmentally neurotoxic potential
has high priority for different stakeholders: academia, indus-
try, and regulatory bodies (Bal-Price et al., 2015; Crofton et al.,
2014; Fritsche et al., 2017, 2018). Due to the resource intensity
of current DNT in vivo guidelines, alternative methods that
are scientifically valid and have a high predictivity for

humans are especially desired by regulators (Bal-Price et al.,
2012, 2015, 2018a; Crofton et al., 2011; Fritsche et al., 2017,
2018; Lein et al., 2005).

Development of these alternative methods are based on
the strategy that the complex procedure of brain develop-
ment is disassembled into spatiotemporal neurodevelopmen-
tal processes that are necessary for forming a brain.
According to the adverse outcome pathway concept, such are
key events for DNT that can be tested for adverse effects of
compounds in in vitro assays (Bal-Price et al., 2015, 2018a). To
avoid species differences in responses to compound exposure
(Baumann et al., 2016; Dach et al., 2017; Gassmann et al., 2010;
Harrill et al., 2011a; Masjosthusmann et al., 2018), key event-
related DNT evaluation is preferably using human cells, ie,

VC The Author(s) 2018. Published by Oxford University Press on behalf of the Society of Toxicology.
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neural stem/progenitor cells (NS/PC) including human-in-
duced pluripotent stem cell (hiPSC)-derived NPC as a source
(Bal-Price et al., 2018b; Singh et al., 2016). In this article, we
will summarize the current state of the art on NS/PC-based
methods for evaluation of neurodevelopmental toxicity. DNT
methods published until April 2014 were assembled in a sys-
tematic review earlier (Fritsche et al., 2015).

ESC DIFFERENTIATION TO NEUROEPITHELIAL
PRECURSORS (NEP)/INDUCTION OF NEURONAL
ROSETTES

Tests for studying compound effects on the early neurodevelop-
mental endpoint stem cell differentiation to NEP based on human
embryonic stem cells (hESC) were developed (summarized in
Fritsche et al., 2015; Shinde et al., 2015; Waldmann et al., 2014).
Here, rosette morphology and/or gene expression and viability are
measured. In addition, a teratogenicity index was developed as a
test method for distinguishing between DNT-specific and cyto-
toxic compound effects that promotes performing transcriptome-
based DNT studies at noncytotoxic concentrations (Waldmann
et al., 2014). In a recent work, disturbance of neural rosette forma-
tion from hESC was studied in the context of toxicant-dependent
altered DNA methylation (Du et al., 2018). Similar to hESC, hiPSC
also form neural rosettes that further mature to neurons when
injected intomousemotorcortex (Malchenko et al., 2014).

NPC PROLIFERATION

Proliferation of neural progenitor cells determines brain size (de
Groot et al., 2005). Different cell systems are available to study
effects on proliferation in vitro: hESC-generated NPC, primary
hNPC, hiPSC-derived NPC, the human umbilical cord blood
(hUCB)-NSC line or ReNcell CX-based systems assessing prolifera-
tion in two-dimensional (2D) cultures with the bromodeoxyuridine
(BrdU) or ethynyldeoxyuridine (EdU) assay that quantifies incorpo-
ration of the thymidine analogue BrdU or EdU into the DNA via flu-
orescence or luminescence-labeled antibodies, or by quantifying
Ki67 expression. A variety of groups used hESC-based methods for
studying the effects of single (summarized in Fritsche et al., 2015;
Sohn et al., 2017; Wang et al., 2016) or multiple (Behl et al., 2015;
Radio et al., 2015) compounds on NPC proliferation. Lately, the fre-
quency of cell cycles per day was calculated from the number of
hESC-NSC, which was counted daily using a Neubauer hemocy-
tometer (Vichier-Guerre et al., 2017). While this is a cheap and easy
method, it has a high variability and needs verification by an addi-
tional establishedmethod like the BrdU assay.

Also, 3D NPC aggregates generated from primary human
material (Lonza, Belgium; NPC1 Assay; Bal-Price et al., 2018a) or
from hiPSC (Hofrichter et al., 2017) called neurospheres are used
for assessing compound effects on NPC proliferation. Here, the
diameter increase of individual spheres over time or BrdU incor-
poration are two different ways of measuring cell replication
(Baumann et al., 2015, 2016; Fritsche et al., 2015). The increase in
sphere diameter over time of single spheres plated in wells of a
96-well plate is a fast and cheap possibly first tier screening
method for analyzing cell proliferation.

NPC APOPTOSIS

Apoptosis is a well-balanced process during brain development
with alterations in both directions, increase or decrease, having
negative implications for organ development (Hakem et al.,

1998; Uzquiano et al., 2018). It can be measured by different
methods in vitro ranging from early events like mitochondria
calcium or cytochrome c release or annexin V presentation, in-
termediate processes like caspase activation or late apoptotic
activities like nuclear condensation, micronucleus formation, or
chromatin disintegration. Several stem cell-based cell systems
are suitable for detection of xenobiotic-induced apoptosis, ie,
hESC-NPC and ReNcell CX culture, primary hNPC growing as
monolayers in 2D, or as neurospheres in 3D (summarized in
Fritsche et al., 2015). Lately, the neurosphere system was used
for studying the effects of gestational age and sex on
methylmercury-induced apoptosis by quantification of con-
densed nuclei (Edoff et al., 2017). With the ReNcell CX culture, a
high content imaging analysis (HCA) assay based on multi-
plexed activated caspase-3/-7 (apoptosis) and protease (viabil-
ity) activities. This method was applied to a comparative study
of mouse cortical NPC (Millipore, Temecula, CA), immortalized
NPC (ReNcell CX, Millipore), hESC-derived NSC (ArunA
Biomedical, Athens, GA), and hiPSC-derived pure neuronal cul-
tures (iCell, Cellular Dynamics International, Madison, WI) us-
ing 12 positive and negative compounds impressively
demonstrating different susceptibilities toward compound-
induced apoptosis between species and between brain cells of
different developmental stages (Druwe et al., 2015). Another
comparative study assessed caspase-3/-7 activation by multiple
compounds in a 384-well format using primary hNPC growing
as monolayers (ThermoFisher, Waltham, Massachusetts), the
neuroblastoma cell line SH-SY5Y, and the immortalized fetal
mesencephalic cell line LUHMES. These different cell types
show different sensitivities toward compound-induced cas-
pase-3/-7 activation (Tong et al., 2017). A different commercial
hNPC source are ENStem-ATM hNPCs (ArunA Biomedical,
Athens, Georgia). These cells growing in monolayers were used
for multiplexed imaging analyses of live/dead/apoptotic cells by
calcein AM/PI stainings in 96-well plates (Kim et al., 2016).

RADIAL GLIA PROLIFERATION

The multitudes of radial glia cell types play diverse key roles
during cerebral cortex development (Gotz and Huttner, 2005;
Uzquiano et al., 2018). Stem cell-based in vitro methods for
studying compound effects on radial glia are sparse. Primary

Figure 1. hNPC (Lonza, Verviers, Belgium) were plated onto poly D-lysin/lami-

nin-coated glass slides. After 24hours, cells were fixed with paraformaldehyde

and stained with antibodies against GFAP and b(III)tubulin. Nuclei were stained

with Hoechst. Scale bar ¼ 50mm
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hNPC (Lonza, Verviers, Belgium) growing as neurospheres is
one cell system producing migrating, nestinþ/GFAPþ cells that
have radial glia-like morphology after 24h in differentiation cul-
ture (Figure 1; Bal-Price et al., 2018a). These differentiated hNPC
express a variety of radial glia cell markers and respond to bone
morphogenic protein (BMP)2 with increased astrocyte differenti-
ation (Masjosthusmann et al., 2018). Radial glia can also be dif-
ferentiated from rosette-forming hESC or hiPSC (Malchenko
et al., 2014).

MIGRATION OF NEURAL CREST CELLS (NCC)/
RADIAL GLIA/NEURONS

Different neural cell types need proper migration during devel-
opment. During embryogenesis, NCC migrate to distinct parts of
the embryo developing into a variety of extracerebral cells and
tissues causing diseases like cleft palate, hearing loss, Morbus
Hirschsprung, or CHARGE syndrome when defective (Dupin and
Sommer, 2012; Mayor and Theveneau, 2013). NCC migration can
be studied with an in vitro assay, the “MINC Assay”, based on
neural crest cells (NCC) that are differentiated from hESC
(Zimmer et al., 2012). There are two different ways to perform
the MINC Assay: the scratch method (Dreser et al., 2015; Pallocca
et al., 2016; Zimmer et al., 2012, 2014) or the recently developed
stamp method (Nyffeler et al., 2017) with the latter being more
robust.

Cortex development involves radial glia migration leading to
the development of a scaffold that is subsequently used by neu-
rons to migrate along these glial fibers and reach their final cor-
tical destination (Borrell and Gotz, 2014). One well-characterized
migration assay is part of the “Neurosphere Assay” (NPC2; Bal-
Price et al., 2018a). Migration distance that cells cover by radially
migrating out of the plated neurosphere is analyzed either man-
ually using programs like ImageJ (Bal-Price et al., 2018a; Barenys
et al., 2017; Baumann et al., 2015, 2016; Edoff et al., 2017; Fritsche
et al., 2015; Ivanov et al., 2016) or by HCA using the software
“Omnisphero” (Schmuck et al., 2017). An important issue when
evaluating effects of compounds on NPC migration with the
‘Neurosphere Assay’ is to distinguish between specific effects
on migration and secondary migration effects due to cytotoxic-
ity. Our recent data shows that migration distance or pattern,
which determines the size of the total migration area, defines
the magnitude of signal of viability assays like the Cell Titer
Blue Assay (CTB Assay; Promega) because it is related to cell
number. A different viability/cytotoxicity assay measuring a
readout not directly dependent on cell number, like LDH leak-
age, indicates the specific effects of methylmercury (MeHgCl) on
migration without producing cell death at two different time
points (Figs. 2A and 2B). Similarly, epigallocatechin gallate
(EGCG) inhibits adhesion and migration of hNPC thereby chang-
ing the migration pattern and area (Figure 2C; Bal-Price et al.,
2017; Barenys et al., 2017). After 3 days of migration in the pres-
ence of EGCG, the CTB assay suggests that EGCG reduces cell vi-
ability (Figure 2D). However, FACS analyses identifying annexin
V-/PI-positive cells clearly show that EGCG does not cause cell
death, but diminishes the cell area with access to the CTB sub-
strate (Figure 2E).

Migrated cells of the NPC2 assay form a 2-layered cell layer
with neurons migrating on top of the glia cells (Al�ep�ee et al.,
2014; Baumann et al., 2016). This enables measuring not only
glia cell migration, but also the neuronal migration by assessing
individual neuronal positions using the software Ominsphero

(Schmuck et al., 2017). Hence, NPC2 can be utilized to assess ra-
dial glia and neuronal migration at the same time.

Migration analyses can also be performed with hiPSC-
derived NPC (hiNPC2; Hofrichter et al., 2017). Migration distance
is similar between NPC2 and hiNPC. Yet, the first cells migrating
from the hiNPC neurosphere are neurons and not radial glia as
from the hNPC sphere.

ASTROCYTE DIFFERENTIATION/MATURATION

Astroglia differentiation is a crucial event during brain develop-
ment because astrocytes obtain a variety of central functions in
brain (Kettenmann and Verkhratsky, 2011). Astrocyte differenti-
ation can be measured in developing mixed cell cultures by
counting the percentage of, eg, GFAPþ or vimentinþ cells from
the total number of differentiated hESC, primary hNPC or hUCB-
NSC (summarized in Fritsche et al., 2015; Edoff et al., 2017).
Lately, also hiPSC differentiation into the astrocyte lineage was
employed in a toxicological context either in 2D (after 28days)
or in 3D (after 56days) by creating “brain balls” in shaking cul-
tures (Pamies et al., 2017, 2018b; Pistollato et al., 2014). Moreover,
morphogen-induced astrocyte maturation can be studied in the
context of the “Neurosphere assay” (Masjosthusmann et al.,
2018). Apart from toxicology, clearly more data on astrocyte dif-
ferentiation is available on the basic science level, which is
summarized, eg, in Chandrasekaran et al. (2016). Astrocyte
function as the most relevant readout was recently
compared between long-term self-renewing hiPSC-derived
neuroepithelial-like stem cells (ltNES; Falk et al., 2012)-astro-
cytes, human primary adult astrocytes (phaAstro), an astrocy-
toma cell line CCF-STTG1 (CCF), and hiPSC-derived astrocytes
from Cellular Dynamics International (iCellAstro). Here, ltNES-
astrocytes were the only ones expressing functional, glutamate

Figure 2. Oligodendrocyte differentiation of primary hNPC. Oligodendrocyte dif-

ferentiation was assessed by immunocytochemical staining for the oligodendro-

cyte marker O4 of 5 days differentiated hNPC. Nuclei were counterstained with

Hoechst. Scale bar ¼ 50lm. The staining method was previously published in

Baumann et al. (2014, 2015).
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transporting SLC1A3 protein, which is an assay suitable for
higher throughput drug screening (Lundin et al., 2018).

OLIGODENDROCYTE DIFFERENTIATION/
MATURATION

Oligodendrogenesis is necessary for proper brain functioning as
oligodendrocytes form and keep myelin sheaths around axons
(Baumann and Pham-Dinh, 2001). Data on chemical effects on
hESC-, hNPC-, or hUCB-NSC-derived oligodendrocytes are sum-
marized in Fritsche et al. (2015). Different groups have recently
established further oligodendrocyte differentiation protocols
using hESC/hiPSC growing feeder-free (Douvaras et al., 2014;
Gorris et al., 2015; Madill et al., 2016; Yamashita et al., 2017) or in
presence of feeder cells (Douvaras et al., 2014; Ehrlich et al., 2017;
Gorris et al., 2015; Madill et al., 2016; Nicaise et al., 2017) in a 2D
format. Pamies et al. (2018b) used hiPSC-derived 3D “brain balls”
to study differentiation of oligodendrocytes in a toxicological
context. Oligodendrocytes emerge late during nervous system
development and differentiation of hESC/hiPSC into the oligo-
dendrocyte lineage following the above-mentioned protocols
needs several weeks making medium-to-high throughput
screening for oligodendrocyte toxicity using hESC/hiPSC a great
challenge. In contrast, oligodendrocyte formation and matura-
tion can be studied with hNPC growing as neurospheres with
the NPC5/6 assay within a neurosphere differentiation time of
5days (Figure 3; Bal-Price et al., 2018a; Dach et al., 2017). These
assays are based on manual or automated oligodendrocyte
quantification as a measure for oligodendrocyte formation
(NPC5; Figure 3; Bal-Price et al., 2018a; Barenys et al., 2017), which
is the normalization basis for subsequent thyroid hormone
(TH)-dependent myelin basic protein (MBP) expression as a
measure for oligodendrocyte maturation (Bal-Price et al., 2018a;
Dach et al., 2017). Interference of a compound with the TH-
induced oligodendrocyte maturation is thus an assay for identi-
fying TH disruptors (NPC6). Oligodendrocyte precursor cells can
also be enriched by isolation from gestational week 10–13 fetal
human neurospheres (Lu et al., 2015).

NEUROGENESIS

Neurogenesis is one of the most frequently studied endpoints
for DNT evaluation. Compounds’ effects on neuronal differenti-
ation have been studied in hESC- (summarized in Ehashi et al.,
2014; Fritsche et al., 2015; Schulpen et al., 2015; Sohn et al., 2017;

Zeng et al., 2016), hiPSC-derived (Pistollato et al., 2017) mixed
neuronal-glial or hUCB-NSC (summarized in Fritsche et al., 2015;
Kashyap et al., 2015; Zychowicz et al., 2014) cultures in 2D, as
well as in hiPSC-derived mixed-culture “brain balls” in 3D
(Pamies et al., 2017) and hiPSC-generated (Hofrichter et al., 2017)
or primary neurospheres (summarized in Fritsche et al., 2015
and Bal-Price et al., 2018a; Masjosthusmann et al., 2018) differen-
tiating in “secondary 3D” structures. Within some of the above-
mentioned studies, differences in sensitivity and specificity
of DNT effects between neuronal cells toward methylmer-
cury were observed. These are probably due to the large dif-
ferences in stem cell cultivation and differentiation
protocols concerning, eg, medium, feeder cell status, timing,
differentiation through hESC-derived NPC or direct neuronal
differentiation, amounts of glia present and level of quality
control, just to mention some. Especially quality control and
reporting standards are a large issue in current stem cell
work that urgently need standardization as recently voiced
by a workshop report on “Advanced good cell culture practice
for human primary, stem cell-derived and organoid models’
(Pamies et al., 2018a).

Concerning cell-type composition, mixed neuron-glia
cultures are advantageous for DNT testing as different cell
types might have different susceptibilities toward com-
pounds (Pei et al., 2016), eg, astroglia might alter develop-
mental toxicity to neurons (Wu et al., 2017). In addition, the
advantage of the monolayer differentiation protocols clearly
lie in the more simple evaluation, eg, by high content image
analyses (HCA), whereas the 3D differentiated methods are
more complex to evaluate via immunostainings. Somewhat
in-between are neurosphere-based methods that differenti-
ate in so-called “secondary 3D” structures, ie, maintaining
the multicellular organism aspect (Masjosthusmann et al.,
2018) despite plating of spheres on a 2D surface (Al�ep�ee et al.,
2014).

NEURONAL MATURATION

Dendritic and axonal (neurite) outgrowth followed by the for-
mation of synapses are key cellular features associated with the
functional maturation of the CNS. Neurite morphology can be
measured with a variety of methods including neurite number,
length, branching, or area using HCA, a fairly reliable and suit-
able image-based method for higher throughput applications
(Harrill et al., 2010, 2011a; He et al., 2012; Wilson et al., 2014). Cell

Figure 3. Synapse formation and neuronal network activity of a hiPSC-derived network. A, hiPSC (IMR-90, Wicell) were neurally induced to NPCs using the NIM-proto-

col (Hofrichter et al. 2017) and differentiated on D-lysin/laminin-coated glass slides for 28 days, fixed with paraformaldehyde and stained for b(III)-tubulinþ neurons and

synapsin1þ presynaptic structures, respectively. Nuclei were stained with Hoechst. Scale bar¼100 mm. B, Spikeraster plot of spontaneous electrical activity of a hiPSC-

derived neuronal network cultivated for 20 days on D-lysin/laminin-coated microelectrode arrays.
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material for such analyses includes hESC-derived almost pure
neuronal cultures (hN2TM, ArunA Biomedical Inc., Athens,
Georgia; Behl et al., 2015; Harrill et al., 2011a; Wilson et al., 2014)
that were treated after neuronal specification had already taken
place; hESC-derived hNP cells (hNP1TM 00001, ArunA Biomedical
Inc.) treated when cells were making the transition from prolif-
erating NPC to postmitotic neurons (Wang et al., 2016); hESC-
derived hNPC (Chemicon-Millipore Norcross, Georgia; Zeng
et al., 2016); 3D aggregated hESC-derived embryoid bodies (He
et al., 2012); hiPSC-generated iCell neurons (Cellular Dynamics
International; Ryan et al., 2016); hiPSC-derived hNPC growing as
neurospheres (Hofrichter et al., 2017); primary NPC differentiat-
ing into mixed cultures (NPC4; Bal-Price et al., 2018a; Edoff et al.,
2017; Schmuck et al., 2017), ie, multiple parameters of the neuro-
sphere assay including neurite morphology can be assessed
with the algorithm Omnisphero (www.omnisphero.com; last
accessed July 2018; Schmuck et al., 2017); or LUHMES cells (Krug
et al., 2013; Scholz et al., 2011).

NEURONAL SUBTYPE DIFFERENTIATION

During brain development, neural stem and progenitor cells
produce a variety of neuronal subtypes, which differentiate at
different stages and in different regions of the brain.
Compounds’ effects on neuronal subtype differentiation has
mostly been assessed for dopaminergic (DA) neurons using
hESC (Huang et al., 2017; Stummann et al., 2009; Zeng et al.,
2006), for DA as well as cholinergic neurons using hUCB-NSC
(Kashyap et al., 2015) and for DA, glutamate- and GABAergic
neurons employing hiPSC (Pistollato et al., 2017).

SYNAPTOGENESIS/NEURONAL NETWORK
FORMATION

During early neurogenesis neurons start to mature, become
electrically active and connect via synapses (Okado et al., 1979;
Zecevic and Antic, 1998). For the function of the CNS this neuro-
nal maturation and the formation of synapses is crucial. So far,
DNT testing for synaptogenesis and neuronal activity in the de-
veloping brain has mainly been performed using rat primary
cells (Harrill et al., 2011b; Hogberg et al., 2011; Robinette et al.,
2011) and no in vitro DNT study has been published using hESC
or hiPSC for assessing compound effects on neuronal network
activity. However, there are a number of promising systems un-
der development that have been used for acute neurotoxicity
evaluations studying either synaptogenesis and/or neuronal
electrical activity including hESC (Kapucu et al., 2012; Oh et al.,
2016; Sandström et al., 2017; Yla-Outinen et al., 2010) or hiPSC
neuronal network differentiation methods (Figure 3; Hofrichter
et al., 2017; Pellett et al., 2015; Pistollato et al., 2017; Toivonen
et al., 2013). Here, the use of hiPSC-derived neuronal networks
growing directly on microelectrode arrays (MEAs) seems to be a
promising method for screening neurodevelopmental toxins for
their adverse effects on neuronal network formation.

What are the difficulties one faces with stem cell-based ac-
tive neuronal networks for DNT evaluation? Every single neuro-
nal network differentiates into a variable amount of neurons, ie,
variable neuron/glia ratio, as well as neuronal subtypes that
form neuronal connections by chance. Therefore, each network
exhibits its own baseline activity level with high MEA-to-MEA
variability making comparison of developmentally exposed
neuronal networks to control networks very difficult. In

Figure 4. hNPC growing as neurospheres in proliferation culture, were plated for migration analyses onto poly D-lysin/laminin-coated glass slides in presence and ab-

sence of MeHgCl. After (A) 24 and (B) 72h, migration distance was measured from the outer sphere rim to the furthest migrated cells at four opposite positions. Cell titer

blue (CTB) and lactate dehydrogenase (LDH) assays were performed as described previously (Baumann et al. 2014). C, Neurospheres were plated as described in (A) in

presence and absence of epigallocathechin gallate (EGCG). After 24 h the migration area was analyzed visually by phase contrast microscopy and for better visualiza-

tion images were subjected to a black/white filter. D, Viability analyses using the CTB assay were performed on each day up to 5 DIV. E, On day 5, FACS analyses of dis-

sociated hNPC were performed after annexin V/PI staining. As a positive control, spheres were treated with the topoisomerase I inhibitor camptothecin. (A, B, D)

*p� .05; (E) § p� .05 of annexin þ /PI-cells; # p� .05 of annexin þ /PIþ cells; *p� .05 of live cells.
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addition, network activity is generally not very high compared
with rodent networks. Developing rat networks differentiate
faster and show much higher activity levels and synchroniza-
tion than stem cell-based human networks. This makes analy-
ses of the adverse effects of toxicants on human networks
much more difficult. To overcome these restrictions and make
neuronal human stem cell-based networks more standardized
and reproducible, one can envision making use of the relatively
new method of 3D bioprinting (Zhuang et al., 2018). Using this
method, neural cells might directly be printed in a three-
dimensional hydrogel precisely on MEAs (Tedesco et al., 2018).

SUMMARY AND CONCLUSION

During the last 15 years, much effort has been put into estab-
lishment, scientific validation, and test method set up for DNT
in vitro evaluation. In addition to primary rodent cultures, which
are valuable cell methods for comparing compounds’ effects
in vivo to in vitro, stem/progenitor cell-based methods have be-
come available that can now be assembled into a DNT in vitro
testing battery (summarized in Bal-Price et al., 2018a). Such a
testing battery is necessary for covering the immense complex-
ity of neurodevelopmental processes as well as timing aspects
of brain development. However, the current state of the science
concerning the testing battery is probably still at an early, im-
mature state. While a variety of important key events are very
well covered in the strategy, ie, neural proliferation, apoptosis,
NPC migration, neuronal differentiation and neurite morphol-
ogy, there are also some crucial aspects less well covered. These
include glia differentiation and maturation, glia cell function,
neuronal maturation, and neuronal network formation with as-
sessment of electrical network activity. Moreover, the complex-
ity of brain region-specific neural differentiation and function
has not been addressed in DNT assays yet. However, basic sci-
ence is moving down this path by creating brain region-specific
organoids (Lancaster et al., 2013; Qian et al., 2016) that might be
suited for studying region-specific effects of compounds on
neurodevelopmental key events. In addition, hormone-related
DNT has only been touched marginally with stem cell-based
human DNT in vitro assays by studying interference with cellu-
lar thyroid hormone (Dach et al., 2017) or glucocorticoid signal-
ing (Moors et al., 2012). Hormonal contributions to brain
development are much more manifold and complex and
chemicals with endocrine activities are thus suspected to inter-
fere with neurodevelopment (WHO-UNEP, 2012). Here, interfer-
ence with estrogen, androgen, retinoid, progesterone,
peroxysome proliferator-activated receptor, or endocannabi-
noid signaling pathways might have implications for the devel-
oping brain at specific developmental stages. Especially sex
hormone-related cellular and organ function is crucial for the
development of gender-specific behavior, which follows
species-specific traits (Wallen and Baum, 2002) . Molecular
aspects of the development of such human sex-specific behav-
ior is an understudied field of research posing a challenge for
in vitro DNT evaluation. Yet, primary human cells show some
sex-specific neurodevelopmental key event response differen-
ces toward methylmercury (Edoff et al., 2017) without under-
standing the mechanistic implications behind these
observations yet. Attempts are made to tackle this issue with ro-
dent in vitro methods (Keil et al., 2017). In this line, the largest
challenge will be the understanding of disturbance of emotional
and intellectual consciousness by chemical exposure in humans.
Understanding physiology behind these human traits is a

prerequisite that might enable establishment of adverse outcome
pathways for these fundamental human aspects in the future.
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ABSTRACT

Human brain development consists of a series of complex spatiotemporal processes that if disturbed by chemical exposure
causes irreversible impairments of the nervous system. To evaluate a chemical disturbance in an alternative assay, the
concept evolved that the complex procedure of brain development can be disassembled into several neurodevelopmental
endpoints which can be represented by a combination of different alternative assays. In this review article, we provide a
scientific rationale for the neurodevelopmental endpoints that are currently chosen to establish assays with human stem/
and progenitor cells. Assays covering these major neurodevelopmental endpoints are thought to assemble as building
blocks of a DNT testing battery.

Key words: stem cells; ESC; cellular and molecular biology.

For almost 20years there has been considerable concern that
chemical exposure might contribute to the increasing incidence
of neurodevelopmental diseases in children (Bennett et al., 2016;
Grandjean and Landrigan, 2006, 2014; Schettler, 2001). Despite
this concern, most chemicals have not been evaluated for their
neurodevelopmental toxicity (Crofton et al., 2012; Goldman and
Koduru, 2000). The main reason for this data gap lies in the
resource-intensity of the current guideline studies: EPA
870.6300 developmental neurotoxicity (DNT) guideline (U.S.
EPA, 1998) and the draft OECD 426 guideline (OECD, 2007). These
guidelines demand significant time, money and animals
(Crofton et al., 2012; Lein et al., 2005) and are therefore not suited
for testing large number of chemicals. The DNT TestSmart ini-
tiative originated and led by Alan Goldberg from the John’s
Hopkins University in 2006, took this issue up by bringing inter-
national scientists into communication on how to test for DNT
with alternative methods (Lein et al., 2007). Since then,

international researchers have been developing concepts on
how to use and interpret such alternative DNT methods with
the final goal of regulatory application (Bal-Price et al., 2012,
2015, 2018; Crofton et al., 2011; Fritsche et al., 2017, 2018; Lein
et al., 2005). The concept evolved that the complex procedure of
brain development is disassembled into spatiotemporal neuro-
developmental processes that are necessary for forming a func-
tional brain AND can be tested for adverse effects of
compounds in in vitro assays (Bal-Price et al., 2015, 2018;
Fritsche, 2016; Lein et al., 2007). Here, human-based systems are
preferred because species differences in toxicokinetics, e.g., due
to developmental timing, and/or toxicodynamics might affect
responses to compounds (Dach et al., 2017; Gassmann et al.,
2010; Gold et al., 2005; Knight, 2007; Leist and Hartung, 2013;
Masjosthusmann et al., 2018; Seok et al., 2013).

In the following paragraphs, we will provide the scientific
rationales for the endpoints that are currently chosen for assay
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establishment with human stem/progenitor cells and depicted
in Figure 1. Such assays are then thought to assemble as build-
ing blocks of a DNT testing battery covering neurodevelopmen-
tal endpoints over time.

ESC DIFFERENTIATION TO NEUROEPITHELIAL
PRECURSORS/INDUCTION OF NEURONAL
ROSETTES

During embryogenesis, stem cells develop into the primordium
including the primordium of the central nervous system (CNS).
During this neurulation, the neural plate and the neural groove
form that lead to the emergence of the neural tube by fusing of
the neural folds. Polarizsation and patterning of the neural tube
ultimately develop into the 3 major vesicles of the future brain:
forebrain, midbrain, and hindbrain (reviewed by Silbereis et al.,
2016). Neural tube and axial defects of the vertebrate embryo be-
long to the most common developmental malformations in
man. They include neural tube defects, which are among the
most prominent birth defects in the human population with a
prevalence of around 35 cases of spina bifida, 20 cases of anen-
cephaly, and 10 cases of encephalocele per 100 000 births
(CDC, http://www.cdc.gov/ncbddd/birthdefects/data.html; last
accessed July 16, 2019). In addition, disruption of axial develop-
ment might cause diverse craniofacial, limb, and cardiac
malformations. During evaluation of developmental effects of
chemicals and pharmaceuticals with experimental animal stud-
ies, neural tube and axial defects are frequently observed find-
ings (Knudsen et al., 2009). Examples for such human teratogens
are anticonvulsants (e.g. valproate and carbamazepine),

cytostatic agents (e.g. cyclophosphamide and methotrexate),
and retinoids. An adverse outcome pathway framework was re-
cently developed linking neural tube and axial defects to modu-
lation of retinoic acid homeostasis (Tonk et al., 2015). This
framework was used as one of the building blocks for genera-
tion of developmental toxicity ontology (Baker et al., 2018).

Human embryonic stem cells are able to differentiate into
early neuroepithelial precursor (NEP) in the form of neural
rosettes. These peculiar structures represent an in vitro primi-
tive neural stem cell state with all the properties of neural plate
cells and recapitulate the early neurulation events that bring
the formation and closure of the neural tube (Elkabetz et al.,
2008; Lazzari et al., 2006; Pankratz et al., 2007). Such cells have a
default anterior-dorsal pattern that is reverted by exposure to
ventralizing signals such as sonic hedgehog and fibroblast
growth factor 8 (Cowan et al., 2004).

NEURAL PROGENITOR CELL PROLIFERATION

The brain is a highly organized structure and its development
depends on the proliferation of a variety of progenitor cell types.
When compared with lissencephalic species like mice and rats,
brains of gyrencephalic species, like humans and ferrets, con-
tain a larger variety of neural progenitor cells (NPCs) involved in
e.g., the formation of the 6-layered neocortex. Also duration of
proliferative NPC activity correlates with brain complexity, i.e.
the phase of extensive progenitor self-renewal takes 2 weeks in
mouse and 3 months in human developing brains. Such prolif-
erative activity is directly coupled to the number of produced
neural cells including neurons during corticogenesis, thus de-
termining brain size, as well as to the formation of cortical gyri

Figure 1. Neurodevelopmental processes essential for nervous system development. It is assumed that DNT toxicants exert their toxicity by disturbing at least one of

these processes. Therefore, disturbances of the processes depicted here in blue boxes are key events of adverse outcome pathways relevant for DNT. From Bal-Price

et al. (2018).
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and sulci. Here, centrosome-related proteins that determine
spindle orientation and centrosome biosynthesis, the primary
cilium, junctional adhesion molecules, and cell cycle length, de-
termine NPC proliferation (comprehensively reviewed in
Uzquiano et al., 2018). A disturbance of NPC proliferation during
brain development leads to significant alterations of brain mor-
phology like a reduction of size, weight, or volume of the entire
brain (microcephaly; de Groot et al., 2005) or of individual brain
structures (Moore et al., 2006) having detrimental effects on the
neurological outcome (Lang and Gershon, 2018; Ostergaard
et al., 2012). Besides genetic factors (Uzquiano et al., 2018), also
environmental elements can cause microcephaly. One recent
example is Zika virus infection causing microcephaly in chil-
dren (Devakumar et al., 2018; Tang et al., 2016).

NPC APOPTOSIS

Apoptosis is a crucial and strictly regulated event during brain
development. Too much apoptosis can deplete the NPC pool in
the developing brain. Here, loss of centrosome biogenesis in
NPC, e.g., by deletion of Cenpj (Sas4), causes mitotic delay and an
elimination of a subtype of NPC, apical radial glia (aRG), from
the ventricular zone (VZ). This results in a thinning of upper
cortical layers and microcephaly (reviewed in Uzquiano et al.,
2018). On the contrary, reduction in apoptosis due to inactiva-
tion of caspases or their copartners like Apaf can lead to mor-
phological defects like hyperplastic brains. An apoptosis
pathway involving caspases-3 and -9 is of particular importance
in the developing brain. A reduction in apoptosis observed in
Casp9�/� knockouts is thought to account for increased num-
bers of Bromodeoxyuridine-positive cells in the germinal zones
of the brain that is consistent with an increased survival of NEP.
As a consequence, both the VZ and forebrain cortical structures
are expanded in these knockout mice, disrupting cortical orga-
nization and ultimately resulting in intracranial hemorrhage
and death (Hakem et al., 1998; Yoshida et al., 1998). Apoptosis is
therefore a well-balanced procedure where disturbance in ei-
ther direction has detrimental outcomes.

RADIAL GLIA PROLIFERATION

Radial glia cells play key roles during cerebral cortex develop-
ment. They are not a uniform cell type but are specified into dif-
ferent radial glia types with different functions across species.
Describing the detailed functions of radial glia types extends be-
yond the scope of this article, for more in-depth information the
interested reader is referred to excellent review articles (Gotz
and Huttner, 2005; Uzquiano et al., 2018). Briefly, aRG cells
comprise the predominant neuronal progenitor cell type within
the developing neocortex. They are highly polarized cells,
exhibiting basal processes attached to the basement mem-
brane, and apical processes linked by adhesion with cerebrospi-
nal fluid in the ventricles. aRGs undergo asymmetric
proliferative division into postmitotic neurons and neurogenic
progenitors. In gyrencephalic species including humans, the ini-
tial pool of aRGs is greater than in lissencephalic species mainly
contributing to neurogenesis through the production of a vari-
ety of basally located progenitors including basal radial glia-like
cells (bRG), which are mainly intermediate progenitors (IPs). In
primates including humans, IPs undergo several rounds of self-
renewing before terminal differentiation. This higher neuronal
production in gyrencephalic species impacts cortical size and
folding (Borrell and Gotz, 2014; Fish et al., 2008; Uzquiano et al.,
2018). Besides radial glia function as primary stem and

progenitor cells that proliferate (see above) and give rise to neu-
rons and glia, they also act as scaffolds for migrating neurons
building the cerebral cortex architecture (Borrell and Gotz, 2014;
Gotz and Huttner, 2005; Malatesta and Gotz, 2013). Due to the
fundamental role of radial glia cells in brain development, dis-
turbance of their biology will have detrimental results. For ex-
ample, induced proliferation of the gyrencephalic ferret bRG
leads to an expansion of the cortical surface area and the forma-
tion of new folds and fissures, while it increases surface area
without creating new folds and fissures in the mouse (Nonaka-
Kinoshita et al., 2013). The instance that there are primate-
human specific traits in brain ontogenesis that are targets of
brain diseases and cortical malformations, like in the Miller-
Dieker Syndrome, might explain why mouse models often fail
to recapitulate patients’ phenotypes (reviewed in Uzquiano
et al., 2018).

NEURAL CREST CELL/RADIAL GLIA/NEURONAL
MIGRATION

Different neural cell types need proper migration during devel-
opment. During embryogenesis, neural crest cells (NCC) migrate
to distinct parts of the embryo developing into e.g. sensory and
enteric neurons, Schwann cells, melanocytes, craniofacial
structures like bone and cartilage, and chromaffine cells of the
adrenal gland. Defective NCC migration and differentiation can
cause a variety of diseases like cleft palate, hearing loss, Morbus
Hirschsprung or CHARGE syndrome (Dupin and Sommer, 2012;
Mayor and Theveneau, 2013).

Cortex development takes place during the fetal phase of
brain development involving radial glia as well as neuronal
migration (Borrell and Gotz, 2014). This neuronal migration pro-
cess on scaffolds generated by radial glia migration is a funda-
mental neurodevelopmental key event, because radial glia as
well as postmitotic differentiating cells migrate and differenti-
ate over time into the main effector cells neurons, astrocytes
and oligodendrocytes thereby ensuring normal brain structure
and function (Carpenter et al., 1999). Developmental brain disor-
ders such as heterotopia and lissencephaly or diseases such as
schizophrenia and epilepsy have been associated with disrup-
tions of this cortical migratory process (Barkovich et al., 2005;
Bozzi et al., 2012; Volk et al., 2012).

ASTROCYTE DIFFERENTIATION/MATURATION

During the last decades, the view on astrocytes’ physiology and
their contribution to toxicity and disease has fundamentally
changed. Although they were initially thought to play only a
supporting and scaffolding role in brain, an increasing diversity
of functions—also in a brain region-specific context—have now
been appointed to this diverse cell type (reviewed in Hu et al.,
2016; Volterra and Meldolesi, 2005). Astrocytes create the brain
environment, build up the microarchitecture of the brain paren-
chyma, maintain brain homeostasis, store and distribute energy
substrates, control the development of neural cells, contribute
to synaptogenesis, and synaptic maintenance, regulate cerebral
blood flow, maintain the blood-brain barrier, and provide brain
defense. Therefore, astroglia differentiation is a crucial event
during brain development. Astrocytes express astroglial inter-
mediate filament proteins like glial fibrillary acidic protein
(GFAP) and vimentin, thus expression of GFAP is commonly
used as a specific marker for astrocyte identification. However,
it is to consider that in situ the levels of GFAP expression vary
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quite considerably. For example, GFAP is expressed by virtually
every Bergmann glial cell in the cerebellum whereas only about
15%–20% of astrocytes in the cortex of mature animals express
GFAP. The same heterogeneity of astrocyte marker expression
is also seen in different astrocyte in vitro methods (Lundin et al.,
2018). There is a large variety of different astrocytes present in
brains probably conferring to the heterogeneity of astrocyte
marker expression. For example, protoplasmic astrocytes are pre-
sent in gray matter, while fibrous astrocytes are present in white
matter yet with region-specific functions (Hu et al., 2016). Another
large class of astroglial cells are the radial glia, which are bipolar
cells each with an ovoid cell body and elongated processes (de-
scribed earlier Uzquiano et al., 2018). After maturation, radial glia
disappear from many brain regions and transform into stellate
astrocytes (Adapted from Kettenmann and Verkhratsky, 2011).

Astrocytes seem to play a “yin-and-yang” role in health
maintenance and disease of the brain. Their responses and
roles in brain pathologies range from beneficial to adverse. Such
astrocyte responses to a variety of stimuli are called reactive
astrogliosis, a context-dependent progress undergoing a mild,
moderate or severe substantial alteration of morphology and
molecular function, i.e. releasing inflammatory factors. Reactive
astrocyte responses might also be involved in the pathogenesis
of neurodegenerative diseases like Parkinson’s and Alzheimer’s
disease as well as amyothrophic lateral sclerosis. In addition,
they seem to contribute to the pathogenesis of demyelinating
diseases as well as brain aging (reviewed in Hu et al., 2016).
Despite just astrocyte marker expression, astrocyte function is
crucial when studying astrocyte development. Four key astro-
cytic features of importance are (Lundin et al., 2018): the uptake
of the neurotransmitter glutamate, essential for synapse dy-
namics; inflammatory response to trauma; calcium signaling
response to neurotransmitters; and the secretion of apolipopro-
tein E, a lipid and cholesterol transporter in the brain (Bazargani
and Attwell, 2016; Khakh and Sofroniew, 2015; Yu et al., 2014).

OLIGODENDROCYTE DIFFERENTIATION/
MATURATION

Oligodendrogenesis is necessary for proper brain function, as
oligodendrocytes form and keep myelin sheaths around axons,
a necessity for nerve cell function by enabling salutatory con-
duction. The peak of this process starts during the late fetal pe-
riod and continues until the child’s third year of age. Because
myelin inhibits synaptogenesis and neuronal plasticity, this ex-
tended myelin production in humans prolongs the phase for
learning capacities and memory (reviewed in Silbereis et al.,
2016). Several processes are involved in the generation of a suf-
ficient number and proper functioning of oligodendrocytes.
These include oligodendrocyte formation from oligodendrocyte
progenitor cells (OPCs), maturation of OPCs, generation of mye-
lin from matured oligodendrocytes and finally correct myelin
sheet enclosure around axons. Disturbance of oligodendrocyte
development may result in demyelination diseases that se-
verely affect neuronal functioning and can be accompanied by
impaired e.g. sensory, motor, or vegetative functions as well as
memory (Baumann and Pham-Dinh, 2001; Nawaz et al., 2015).

Oligodendrocyte development is linked to thyroid hormone
(TH) action. Children suffering from the Allan-Herndon-Dudley
Syndrome experience intrauterine brain hypothyroidism due to
a mutation in the TH transporter monocarboxylate transporter
8 (MCT-8) resulting in delayed CNS myelination (Rodrigues et al.,
2014; Tonduti et al., 2013). From the clinical data it is not clear if

this myelination delay is due to less oligodendrocyte formation
or maturation or a combination of both. However, in vitro stud-
ies using primary human neurospheres differentiating into oli-
godendrocytes suggest that TH induces oligodendrocyte
maturation, but not formation, while in mouse neurospheres
both endpoints are TH-dependent (Dach et al., 2017). Thus, the
oligodendrocyte maturation assay seems to be well suited to
study TH disruption in developing human andmouse NPC.

NEUROGENESIS AND NEURONAL
MATURATION

Neurogenesis in the human CNS begins shortly after the fusion
of neural folds. Here, motor neurons in the ventral horn of the
cervical spinal cord and neurons of certain cranial nerve nuclei
in the brainstem appear first at gestational week 4 (Bayer and
Altman, 2007; O’Rahilly and Muller, 2006). Prenatal neurogenesis
continues throughout embryonic and fetal development mainly
in the neocortex and the cerebellum. The cerebral cortex of a
middle-aged male is estimated to be comprised of 16.34 billion
neurons (Azevedo et al., 2009), which are produced from neural
stem or progenitor cells within the VZ and subventricular zone
(SVZ) of the developing cerebral cortical wall. Of those, approxi-
mately 80% (13.07 billion) are estimated to be excitatory gluta-
matergic projection neurons (i.e. pyramidal and modified
pyramidal neurons; DeFelipe et al., 2002) and the rest are
GABAergic inhibitory interneurons (reviewed by Silbereis et al.,
2016). Neurons are indispensable for life and their differentia-
tion patterns are tightly regulated. Thus, modulation of neuro-
nal differentiation into both directions (promotion or inhibition
of neurogenesis) is considered as adverse. For example, reduced
neurogenesis is thought to be involved in the pathogenesis of
depressive mood disorders (Song and Wang, 2011) or the intel-
lectual disabilities in Down Syndrome patients initiated during
the fetal period (Guidi et al., 2018; Stagni et al., 2018).

Subsequent to neuronal differentiation, dendritic, and axo-
nal (neurite) outgrowth followed by the formation of synapses
are key cellular features associated with the functional matura-
tion of the CNS. At midgestation, immature neocortical neurons
have spread axons and instigated to expand dendrites that ini-
tiate an extended period of axon outgrowth, dendritic arboriza-
tion and synaptogenesis extending into early childhood.
Despite this general developmental concept, these processes
vary substantially between brain layers, areas, and human neo-
cortical neuronal subtypes (reviewed by Silbereis et al., 2016).

NEURONAL SUBTYPE DIFFERENTIATION

During brain development neural stem and progenitor cells pro-
duce a variety of neuronal subtypes, which differentiate at dif-
ferent stages and in different regions of the brain. For example,
glutamatergic neurons are generated from the VZ and SVZ of
the dorsal mesencephalon (Fode et al., 2000; Guillemot, 2007),
GABAergic neurons from the ventral telencephalon (Casarosa
et al., 1999; Hansen et al., 2010, 2013; Poitras et al., 2007), while
dopaminergic neurons are generated from several brain regions
like the mesencephalon, hypothalamus, and retinal and olfac-
tory bulbs (Alizadeh et al., 2015; Arenas et al., 2015; Zhang and
van den Pol, 2015). Occurrence of neuronal subtype differentia-
tion during early neurogenesis into 80% excitatory and 20% in-
hibitory neurons and their interactions are essential for the
neuronal function of the CNS (DeFelipe et al., 2002; Hansen et al.,
2010, 2013; Workman et al., 2013).

FRITSCHE ET AL. | 17

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article-abstract/165/1/14/5046970 by U

niversitaets- und Landesbibliothek D
uesseldorf user on 24 June 2019



SYNAPTOGENESIS/NEURONAL NETWORK
FORMATION

During early neurogenesis neurons start to mature, connect,
and become electrically active in the embryonic phase of neuro-
development—between the fourth and fifth postconceptional
week (Okado et al., 1979; Zecevic and Antic, 1998). For the func-
tion of the CNS this neuronal maturation and the formation of
synapses is crucial. The neuronal intercellular communication
takes place at synaptic connections, which is associated with
learning and memory through synaptic plasticity (Lundin et al.,
2018). When synaptogenesis is disrupted by a compound, neu-
ronal network activity is altered (Robinette et al., 2011). Here,
synaptogenesis might converge on a variety of neurodevelop-
mental processes, i.e. key events, converging a compounds’
effects on neuronal (subtype) differentiation, neurite outgrowth,
axon or dendrite formation, dendritic spine development or
synaptogenesis itself. Thus, this functional endpoint is a crucial
readout for integration of neuronal function of the human
brain.

CONCLUSION

Taken together, these neurodevelopmental processes have
been identified somewhat as a minimum requirement for a pro-
posed DNT testing battery, covering the complexity of neurode-
velopmental processes as well as timing aspects of brain
development. Moreover, they are considered for a DNT testing
battery because there are stem/progenitor cell methods avail-
able allowing the set up of test methods for DNT evaluation
(Bal-Price et al., 2018). However, the current state of the science
concerning identified endpoints is probably still at an early, im-
mature state. The key events discussed here have clear ration-
ales for their crucial function during brain development. Other
key events like astrocyte differentiation and maturation, espe-
cially with regards to astrocyte heterogeneity, astroglia func-
tion, neuronal maturation, and neuronal network formation;
however, are less well characterized. Moreover, the complexity
of brain region-specific neural differentiation and function is
not well understood, especially in the human context.
Hormonal contributions to brain development are manifold and
complex and chemicals with endocrine activities are suspected
to interfere with neurodevelopment (WHO-UNEP, 2012). Here,
interference with estrogen, androgen, retinoid, progesterone,
peroxysome proliferator-activated receptor, or endocannabi-
noid signaling pathways might have implications for the devel-
oping brain at specific developmental stages. Especially sex
hormone-related cellular and organ function is crucial for the
development of gender-specific behavior, which follows
species-specific traits (Wallen and Baum, 2002). As basic scien-
tific knowledge on these neurodevelopmental key events
deepens, implications for additional toxicity testing will arise
and with this an evolvement of stem/progenitor cell-based
methods for studying additional endpoints. However, the cur-
rent state-of-knowledge is a satisfying start to put a DNT testing
battery into action that covers neurodevelopmental endpoints
across time.

REFERENCES
Alizadeh, R., Hassanzadeh, G., Soleimani, M., Joghataei, M. t.,

Siavashi, V., Khorgami, Z., and Hadjighassem, M. (2015).
Gender and age related changes in number of dopaminergic

neurons in adult human olfactory bulb. J. Chem. Neuroanat.
69, 1–6.

Arenas, E., Denham, M., and Villaescusa, J. C. (2015). How to
make a midbrain dopaminergic neuron. Development 142,
1918–1936.

Azevedo, F. A. C., Carvalho, L. R. B., Grinberg, L. T., Farfel, J. M.,
Ferretti, R. E. L., Leite, R. E. P., Filho, W. J., Lent, R., and
Herculano-Houzel, S. (2009). Equal numbers of neuronal and
nonneuronal cells make the human brain an isometrically
scaled-up primate brain. J. Comp. Neurol. 513, 532–541.

Baker, N., Boobis, A., Burgoon, L., Carney, E., Currie, R., Fritsche,
E., Knudsen, T., Laffont, M., Piersma, A. H., Poole, A., et al.
(2018). Building a developmental toxicity ontology. Birth
Defects Res. 110, 502–518.

Bal-Price, A., Crofton, K. M., Leist, M., Allen, S., Arand, M., Buetler,
T., Delrue, N., FitzGerald, R. E., Hartung, T., Heinonen, T.,
et al., (2015). International STakeholder NETwork (ISTNET):
Creating a developmental neurotoxicity (DNT) testing road
map for regulatory purposes. Arch. Toxicol. 89, 269–287.

Bal-Price, A., Hogberg, H. T., Crofton, K. M., et al. (2018)
Recommendation on test readiness criteria for new ap-
proach methods in toxicology: Exemplified for developmen-
tal neurotoxicity. ALTEX doi: 10.14573/altex.1712081

Bal-Price, A. K., Coecke, S., Costa, L., Crofton, K. M., Fritsche, E.,
Goldberg, A., Grandjean, P., Lein, P. J., Li, A., Lucchini, R., et al.
(2012). Advancing the science of developmental neurotoxic-
ity (DNT): Testing for better safety evaluation. ALTEX 29,
202–215.

Barkovich, A. J., Kuzniecky, R. I., Jackson, G. D., Guerrini, R., and
Dobyns, W. B. (2005). A developmental and genetic classifica-
tion for malformations of cortical development. Neurology 65,
1873–1887.

Baumann, N., Pham-Dinh, D. (2001). Biology of Oligodendrocyte
and Myelin in the Mammalian Central Nervous System.
Physiol. Rev. 81, 871–927.

Bayer, S. A., and Altman, J. (2007) Atlas of Human Central Nervous
System Development, Vol. 1–5. CRC Press, Boca Raton, Floria.

Bazargani, N., and Attwell, D. (2016). Astrocyte calcium signaling:
The third wave.Nat. Neurosci. 19, 182–189.

Bennett, D., Bellinger, D. C., Birnbaum, L. S., Bradman, A., Chen,
A., Cory-Slechta, D. A., Engel, S. M., Fallin, M. D., Halladay, A.,
Hauser, R., et al. (2016). Project TENDR: Targeting environ-
mental neuro-developmental risks the TENDR consensus
Statement. Environ. Health Perspect. 124, A118–A122.

Borrell, V., and Gotz, M. (2014). Role of radial glial cells in cerebral
cortex folding. Curr. Opin. Neurobiol. 27, 39–46.

Bozzi, Y., Casarosa, S., and Caleo, M. (2012). Epilepsy as a neuro-
developmental disorder. Front. Psychiatry 3, 19.

Carpenter, M. K., Cui, X., Hu, Z-y., Jackson, J., Sherman, S., Seiger,
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1. INTRODUCTION: 

For protecting human and environmental health, industrial, agricultural and consumer products 
must be registered and approved by the European Food Safety Authority (EFSA) or the 
European Chemical Agency (ECHA) before entering the market. Especially neurotoxic effects 
are of major scientific and socio-political concern, because they often result in irreversible 
adverse outcomes [Costa, 2008; Aschner, 2017]. Neurotoxicity guideline studies [OECD TG 
424; US EPA OPPTS 870.6200] are currently performed in vivo. These are resource-intensive 
regarding the time and costs required [Bal-Price, 2008] and might not well reflect the human 
situation because of inter-species variations [Matthews, 2008; Leist, 2013]. Therefore, 
alternative in vitro testing strategies based on human cells that reduce or replace animal 
experiments [Russell, 1959] are of high interest for neurotoxicity research [Coecke, 2006; 
Zuang, 2018]. Medium- to high-throughput in vitro testing requires a large amount of cell 
material. In contrast to the use of human embryonic stem cells, which bear ethical concerns 
[Kao, 2008; Singh, 2015; Mayer, 2018] human induced pluripotent stem cells (hiPSC) are ideal 
for providing an ethically inoffensive and unlimited supply of material for in vitro 
neurotoxicological evaluations [Takahashi, 2007; Robinton, 2012; Zagoura, 2017]. Neurotoxicity 
is mediated by modes-of-actions (MoA) leading to disturbance of neuronal function 
[Masjosthusmann, 2018a]. For screening larger numbers of compounds for their neurotoxic 
potential, in vitro functional neuronal networks (NN) derived from hiPSC might be helpful tools. 
Neural differentiation, NN formation and establishment of functional signal transmissions for 
neurotoxicity assessment based on hiPSC is thus very auspicious, yet still barely studied 
[Odawara, 2014; Cotterill, 2016; Kasteel, 2017; Pistollato, 2017; Paavilainen, 2018; Tukker, 
2018; Izsak, 2019]. 
One method for studying electrophysiology of neurons and NN is the microelectrode array 
(MEA) technology. MEAs record extracellular local field potentials at different locations of 
connected neurons on network-level and provide data about their activity properties and patterns 
[Johnstone, 2010]. The MEA technology allows assessment of NN electrical activity in real-time 
and evaluation of the dynamics of network behavior under chemical manipulations [Odawara, 
2014; Odawara, 2016; Tukker, 2016; Tukker, 2018]. The use of MEAs in toxicological testing is 
relatively new and has so far been mainly applied for rat NN (rNN) [Hogberg, 2011; McConnell, 
2012; Valdivia, 2014; Brown, 2016; Cotterill, 2016; Frank, 2017; Vassallo, 2017; Shafer, 2019]. 
In this study, we continue our previous work on neural induction of hiPSC [Hofrichter, 2017] by 
establishing and characterizing human NN (hNN) from hiPSC-derived neural progenitor cells 
(hiNPC) by comparing hNN formation with two different differentiation media: in presence 
(CINDA) and absence (NDM) of maturation-supporting factors. As a NN control we included 
differentiating rNN. Gene and protein expression and electrical activity from in vitro developing 
NN were assessed at multiple time points and in presence and absence of pharmacological 



 

compounds. Microarrays were performed for transcriptome analyses of hNN, which were 
compared to in vivo transcriptomes of developing brains. 

 
2. MATERIAL AND METHODS: 

 
2.1. Compounds used 

 
γ-Aminobutyric acid (GABA), Glutamate and Domoic acid were obtained from Sigma Aldrich 
(Saint Louis, USA). NBQX disodium salt, DL-AP5 sodium salt and Bicuculline were obtained 
from Santa Cruz Biotechnologies (Texas, USA). CytoToxOne Cytotoxicity Assay Kit was 
obtained from Promega Corporation (Madison, USA). For detailed information on stock solutions 
and solvents see Supplementary Material. 
 

2.2. Cell culture and neural induction 

The hiPSC lines A4 (Wang and Adjaye, 2011) and IMR-90 (Clone-4, WiCell,USA) were cultured 
in mTeSR1 medium (Stemcell Technologies,Germany) on Matrigel (BD Bioscience,Germany). 
Medium was changed every day and cells where passaged chemically in colonies with 0.5 mM 
EDTA. hiPSC lines were regularly tested for their pluripotency and their chromosomal integrity. 

Neural induction of hiPSC lines was performed using the neural induction medium (NIM) 
protocol according to [Hofrichter, 2017]. Briefly, hiPSC colonies were cut in 200x200μm squares 
using a passaging tool (STEMPRO EZPassage,Thermo Fisher Scientific) and cultured on 
polyhema (Sigma Aldrich) coated dishes with NIM medium (for detailed medium composition 
see Supplementary Material) for 7 days. Generated free-floating 3D-Spheres were transferred 
into new polyhema dishes with NIM containing 10ng/mL bFGF (R&D Systems, Germany) for 
another 14 days. Afterwards they were referred to as hiNPC and cultured in polyhema dishes 
with neural proliferation medium (NPM, see Supplementary Material). 

Primary rat NPC (rNPC) were prepared from full brains of Wistar rats on postnatal day 1 as 
previously described [Baumann, 2014]. 3D neurospheres were cultured free-floating and 
medium was changed every 2-3 days. 

Proliferating NPC were expanded using a McIlwaine tissue chopper, which cuts them into small 
squares with a diameter of 200μm (Mickle Laboratory, UK) [Fritsche, 2011; Baumann, 2014]. For 
experimental use, spheres were chopped 2 days before plating. 

2.3. Neuronal differentiation and Immunocytochemistry 

Neuronal differentiation and immunocytochemistry were performed as described previously 
Hofrichter, 2017 using NDM and CINDA medium. For detailed information and medium 
composition see Supplementary Material. 

Quantification of synapses and receptors was performed by analyzing neurite mass in μm2 and 
number of synapses (synapses/neurite area [μm2]) using the Omnisphero software as previously 
described [Hofrichter, 2017]. To receive brighter TUBB3 stainings structuring elements to 



 

eliminate uneven backgrounds were adjusted as well as thresholding of the resulting images 
with the Otsu method was applied (for detailed information see Supplementary Material). 

2.4. Quantitative reverse-transcription PCR 

RNA was isolated using the RNeasy Mini Kit (Qiagen,Germany) according to manufacturer’s 
protocol. RNA of hiPSC (undifferentiated controls), proliferating hiNPC and rNPC (30 
neurospheres of 300μm diameter each) and human and rat NN after 7, 14, 21 and 28 days in 
vitro (DIV) were prepared. For the latter, cells were chopped to 100μm aggregates and plated on 
PDL/laminin-coated 24-well-plates in NDM or CINDA (hiNPC) or NDM (rNPC). For reverse 
transcription, 500 ng RNA was transcribed into cDNA using the QuantiTect Reverse 
Transcription Kit (Qiagen,Germany). Quantitative reverse-transcription polymerase chain 
reaction (qRT-PCR) was performed using the QuantiFast SYBR Green PCR Kit 
(Qiagen,Germany) in the Rotor Gene Q Cycler (Qiagen,Germany) following manufacturer's 
instructions. Analysis was performed using standards of the gene of interest, allowing to 
calculate copy numbers and expression was normalized to β-actin [Dach, 2017]. Each 
experiment was performed at least three times with three independent neural inductions. For 
primer sequences see Supplementary Material. 

2.5. NN differentiation on microelectrode arrays (MEA) 

Electrical activities of NN were recorded as described in Hofrichter, 2017. Briefly, we used 200 
hiNPC or rNPC neurospheres, seeded onto a PDL/laminin pre-coated single-well MEAs 
(Multichannelsystems (MCS)) either in NDM or CINDA medium. Recordings were performed 
with the MC-Rack (MCS) from 2 to 15 weeks in vitro. After approximately 5 min of equilibration, 
each recording consisted of a 5 min baseline recording of spontaneous activity. For data 
analyses the first min was cut off and mean values of the mean firing rate (MFR), mean bursting 
rate (MBR), spikes per burst and active electrodes (AE) of the last 4 min were calculated. For 
statistical analyses see Supplementary Material. 

2.6. NN characterization with pharmaceuticals 

To characterize NN regarding their receptor constitutions MEA chips were equilibrated in the 
MEA-headstage 2 min prior to recording. To be regarded as active, NN had to have a minimum 
of 3 AE. These were defined by the detection of a minimum of 5 spikes/min. For treatment 
analyses, a baseline measurement of active MEAs for 5 min was recorded. Afterwards, the 
respective receptor agonist/antagonist was added to the well and allowed to equilibrate for 5 min 
(wash-in-phase), followed by 5 min recording. Afterwards the MEAs were washed twice with 
medium (wash-out-phase) and further cultivated in fresh medium. Measurements of receptor 
treatment were performed twice a week starting at day 7. The recordings and data analyses 
were done as described in 2.5. 

2.7. Domoic Acid (DA) treatment on multi-well-MEAs 

MEA 24-well plates, each well containing 12 gold electrodes (MCS) were used. Wells were 
coated with PDL (0.1 mg/mL, 50 μL for 48 h at 4 °C; Sigma Aldrich) washed with PBS and 
recoated with Laminin (0.01 mg/mL, 48 h at 4 °C, L2020, Sigma Aldrich). Afterwards, 50 hiNPC 
or rNPC spheres (100μm diameter) were seeded into the wells and incubated either with NDM 



 

or CINDA medium. MEAs were recorded with the Multiwell-Screen (MCS) and analyzed with 
Multiwell-Analyzer (MCS, for details on hardware settings and spike/burst detection parameters 
see Supplementary Material). Active networks were defined as stated in 2.5. Individual 
recordings were performed in week 2-6, in the absence (baseline) or presence of the indicated 
concentrations of DA in NDM or CINDA for 15 min. 

2.8. Affymetrix Microarrays 

For hiPSC and hiNPC (30 neurospheres of 300μm diameter each) isolation of RNA was 
performed according to manufacturer's protocol using the RNeasy Mini Kit (Qiagen, Germany). 
Therefore, cells were chopped to 100μm aggregates and plated on PDL/laminin-coated 6-well-
plates. After 5, 14 and 28 days of cultivation in CINDA medium cells were harvested and RNA 
prepared. cDNA synthesis and biotin labeling of cRNA was performed according to the 
manufacturer’s protocol (3´ IVT Plus Kit; Affymetrix, Inc.) and as previously described 
[Masjosthusmann, 2018b]. For details of analysis of Affymetrix CEL files see Supplementary 
Material. 
 

2.9. Data analysis and statistics 

Unless otherwise stated all statistical analyses were performed using GraphPad Prism 6.00 for 
Windows (GraphPad, USA). Immunocytochemical quantification and pharmaceutical data were 
analyzed using one-way ANOVA, qRT-PCR and DA data were analyzed using a two-way 
ANOVA followed by Bonferroni test to correct for multiple testing. The significance cut-off was 
set to p≤0.05. 

3. RESULTS 
 
3.1. Molecular characterization of hiNPC-differentiated cultures 

Differentiation of hiNPC was performed with neural differentiation medium (NDM) and maturation 
supporting CINDA medium. Before plating, hiNPC stained positive for the markers PAX6, 
NESTIN and SOX2 (Fig. S1). After 28DIV hiNPC grown in NDM or CINDA medium, and rNPC 
differentiated into TUBB3+ neurons and GFAP+ astrocytes (Fig.1, 2A, S2). Human neurons 
express the pre- and postsynaptic proteins SYN1 and PSD95 as well as the receptor-specific 
proteins GABAARβ, GluR1 and NMDAR1 with no significant differences between both medium 
conditions (Fig.2A,B). To further characterize the networks, mRNA expression analyses were 
performed and gene copy numbers determined by product-specific copy number standards. This 
procedure enables comparison of gene expression across species and has the advantage of 
giving information on magnitude of absolute gene expression rather than relative gene changes 
as by using the CT method. Gene expression of the NPC marker NESTIN was stably 
expressed in human cultures over time, whereas its expression significantly decreased in rat 
cultures starting at DIV14 (Fig.3A). The expression of the mature astrocytic marker AQP4 was 
significantly upregulated on DIV28 in CINDA- compared to NDM-cultures, whereas Aqp4 
expression in rat cultures increased early starting at DIV7 (Fig.3C). Expression of the glial 
fibrillar astrocytic protein gfap/GFAP significantly increased from DIV7 in rNN but exhibited only 
marginal changes in human cells (Fig.3D). The neuronal marker MAP2 increased in hNN from 
DIV7 and low expression values for map2 were observed in rNN until DIV28 (Fig.3E). To 



 

analyze the time of synapse formation we used the pre- and post-synaptic markers SYN1 and 
DLG4, respectively, which are expressed after 7DIV in both species (Fig.3F-G). Expressions of 
SLC17A7 (glutamate transporter) and GAD1 (glutamic acid decarboxylase) differ remarkably. 
While SLC17A7 copy numbers are extremely low (<1-5 copy numbers/10,000 copies -ACTIN), 
GAD1 is well expressed (>100 copy numbers/10,000 copies -ACTIN) suggesting predominantly 
GABAergic neurotransmission (Fig.3H,I). Concerning neuronal suptypes, hNN increase 
expression of ACHE (acetylcholinesterase), GRIA1 (AMPA receptor), and TH (tyrosine 
hydroxylase) over time with TH expression significantly induced on 14DIV in CINDA-NN 
compared to NDM-NN (Fig.3J), while similar to SLC17A7, GRIN1 (NMDAR, Fig. 3K) and 
SLC6A4 (serotonergic neurons, Fig.S3) copy numbers are very low. In contrast, rNN revealed 
very low expression of ache and th (<1 copy numbers/10,000 copies -actin) compared to 
human cells (Fig.3J,M). 

 
3.2. Electrical activity of hiNPC-CINDA- and hiNPC-NDM-NN over time  

We studied whether differentiation of neural cultures resulted in generation of functional NN. 
Therefore, we examined multiple electrophysiological parameters on MEA chips dual cells as 
well as the entire network. Human NN exhibited spontaneous electrical activities after 2 weeks in 
culture. Starting with the same number of MEA-Chips for both medium conditions, hNN grown in 
CINDA medium (CINDA-NN) produced more active chips (Fig.4+Fig.S4) and higher electrical 
activities in terms of mean bursting rate (MBR), spikes per bursts and the number of active 
electrodes (AE) than NDM-NN (Fig.4B-D). Here, in week 3 the mean value of all recorded 
activities (except for the mean firing rate (MFR)) was significantly higher in CINDA-NN compared 
to NDM-NN. NN generated from rNPC serve as positive controls [Mack, 2014; Alloisio, 2015; 
Wallace, 2015] and exhibited earlier and higher activity levels than hNN (Fig.4A-D). Over the 
entire differentiation time of 15 weeks (Fig.S4), CINDA- and NDM-NN reached highest activity 
levels of all measured parameters within the first 6 weeks with CINDA-NN exhibiting higher 
MBR, spikes/burst and number of active electrodes than NDM-NN. In contrast, rNN reached 
their maximum activity across all parameters measured within 7 to 11 weeks of differentiation. 

 
3.3. Characterization of NNs by using agonists and antagonists of neuronal receptors 

To study if differentiated NN contain functional GABAergic and glutamatergic neurons we treated 
NN with the GABA receptor (GABAR) agonist GABA or the glutamate receptor agonist 
glutamate (Fig.5). NN of both species responded to GABA with a reduction in MFR, MBR and 
number of spikes/burst (Fig.5A-C,D) suggesting presence of functional GABA receptors. 
Glutamate also decreased these parameters, yet to a lower extent indicating no functional 
excitatory glutamatergic receptors. Treatment of NN with the GABAR inhibitor bicuculline also 
reduced MFR and spikes/burst in NN not treated with external GABA (Fig.5A,C,E) implying a 
lack of glutamatergic neurons in the networks. If the NN consisted of a comparable amount of 
glutamatergic and GABAergic neurons, one would expect a strong increase in network activity 
after bicuculline exposure [Xiang, 2007; Mack, 2014] that we did not see in our cultures. In 
addition, the NMDAR and AMPAR antagonists, AP5 and NBQX, respectively, exhibit no effects 
on NN except for AP5 reducing spike frequency in the rNN that suggests possible NMDAR 
presence in rNN (Fig.5A). 

3.4. NN response to the shellfish toxin domoic acid (DA) 



 

To determine if the NN assay based on hiNPC differentiated in CINDA medium is a useful tool 
for acute neurotoxicity testing in vitro, we performed a proof-of-concept study by treating CINDA- 
as well as rNN with the shellfish toxin and glutamate analogue DA [Chandrasekaran, 2004; 
Watanabe, 2011; Vassallo, 2017]. DA binds to postsynaptic glutamate receptors with a 100-fold 
higher affinity than glutamate, causing receptor overactivation, which leads to neuronal 
excitotoxicity, neuronal degeneration and ultimately cell death [Watanabe, 2011; Magdalini, 
2019]. For concentration-response analyses we used 24-well multiwell- (mwMEAs) instead of 
single-well MEAs as a medium throughput setup for compound testing. One well of a mwMEA 
contains 12 electrodes, compared to 59 electrodes in a single well MEA (Fig 6A). The distances 
between electrodes are 200 μm. Of the total of 72 and 96 wells measured with human and rat 
NN, respectively, 33 (45.8%) and 32 wells (44.5%) had 9-12 AE/well, 22 (30.6%) and 30 wells 
(31.3%) had 5-8 AE/well, 13 (18.1%) and 28 wells (29.2%) had 1-4 AE/well, and only 4 (5.6%) 
and 6 wells (6.3%) had no AE/well (Fig.6B) demonstrating the suitability of mwMEAs for testing 
purposes. Acute exposure to increasing concentrations of DA for 15min increased spontaneous 
activity of hNN and rNN with significant results only for the total burst count in rNN (Fig.6C) but 
did not cause cytotoxicity in either of the networks up to 24 hours after exposure (Fig.S5). 
Although not statistically quantifiable, the firing pattern visualized in representative SRPs reveals 
changes in activity pattern in both species after treatment with 1μM DA compared to baseline 
activity (Fig.6D). Additional activity parameters exhibited no changes (Fig.S5). 

3.5. Microarray analyses of CINDA-NN compared to published in vivo data 

To monitor differentiation and maturation processes of hNN on the transcriptome level, we 
analyzed mRNA expression profiles of hiPSC, proliferating hiNPC, and hiNPC-derived NN 
differentiated for 5, 14, and 28DIV using Human PrimeViewArrays from Affymetrix. Microarray 
data was validated via qRT-PCR analyses for representative genes (Fig.S6). Only genes that 
were at least 2-fold significantly regulated (p ≤ 0.01) were used for subsequent analysis. In 
differentiating hiNPC a total of 2619 genes are differentially expressed (DEX) across the three 
time points (Fig.7C). The number of DEX genes increased over differentiation time, from 1370 
(DIV5) to 1793 (DIV14) and to 2368 (DIV28). Moreover, the overlap of all conditions was 43,3% 
(1139 genes), indicating that these genes are generally important for differentiation. Gene 
ontology (GO) analyses reveal gene changes in neurodevelopmental GO terms including neural 
proliferation, astrocytic-, general glia cell- and neuronal differentiation, synapse formation and 
synapse plasticity (Appendix II). These data support the in vitro development of hNN consisting 
of neurons and astroglia cells, forming synapses into a NN. Cluster- and PCA analyses support 
the strong differentiation potential of hiPSC (turquoise) into proliferating hiNPC (green) and 
further differentiating hiNPC at DIV5 (blue), DIV14 (red) and DIV28 (purple) with very small 
replicate variations (Fig.7A). To determine to which extent the in vitro gene changes are 
represented in developing human brains in vivo and vice versa, in vitro DEX genes (0vs28DIV) 
were compared to published DEX genes of in vivo transcription profiles of the prefrontal cortex 
between post-conceptional week 6 (embryonic) and 12 (fetal; [Kang, 2011]). These timepoints 
were chosen based on a recent publication mapping developing brain organoids to in vivo fetal 
brain samples [Amiri, 2018].The comparison of in vivo vs. in vitro DEX genes revealed that from 
more than 2837 in vivo DEX genes, 868 (31% and 37%, respectively) are commonly regulated 
(Fig.7D). DEX gene groups over-represented in these data sets were identified by gene set 
enrichment analyses (Appendix I). DEX genes within a selection of manually selected GO-terms 



 

including the neural/neuronal specific terms, i.e. neural proliferation (NP), astrocytic-, general 
glia cell- and neuronal differentiation, synapse formation/plasticity, glutamatergic neurons, 
GABAergic neurons, and radial glia (RG) differentiation (Appendix II) was compared between 
the in vitro and in vivo data sets. These data show that in vivo more GO-terms are enriched, 
more genes are generally regulated in each GO term and respective genes are mostly stronger 
regulated in vivo than in vitro, yet transcriptomes of the in vitro cultures reveal well-defined 
cellular differentiation processes (Fig.7E, see Appendix II).  

4. DISCUSSION: 

Human hazard and risk assessment of potentially neurotoxic chemicals is based on in vivo 
animal experiments [Bal-Price, 2008]. Those experiments are time and cost intensive and might 
not well reflect the human situation because of inter-species variations [Leist, 2013]. Thus, 
alternative in vitro testing strategies using human-based material are of special interest for 
neurotoxicity testing [Coecke, 2006; Zuang, 2017]. We previously established the neural 
induction of hiPSC to hiNPC, cultured as 3D neurospheres [Hofrichter, 2017] and now continued 
the work by characterizing differentiating hiNPC for their NN formation. We assembled the 
CINDA medium by adding creatine monohydrate, interferon-γ, neurotrophin-3, dibutyryl-cAMP 
and ascorbic acid to NDM, which supports (i) synapse formation, (ii) maturation of different 
neuronal subtypes and (iii) spontaneous NN activity. Human cultures differentiating over a time 
course of 28DIV into neurons and astrocytes express NESTIN during the whole differentiation 
time. Although it is down-regulated and replaced by neurofilaments and GFAP during neuro- or 
gliogenesis in vivo [Michalczyk, 2005], as well as in the differentiating rat cultures, others 
reported earlier that neurally differentiated hiNPC do not down-regulate NESTIN over time 
[Pistollato, 2014; Zagoura, 2017]. In human stem cell-derived culture neurogenesis occurs 
before astrogenesis [Grandjean, 2006; Nat, 2007; Liu, 2011; Yuan, 2011]. Thus, the neuronal 
marker MAP2 already plateaus after 7DIV with no differences between CINDA medium and 
NDM, while it takes until 21DIV for the astrocyte marker AQP4 to reach maximum expression. 
CINDA-NN seem to favor astrocyte differentiation compared to NDM-NN as AQP4 is significantly 
higher expressed in CINDA-NN compared to NDM-NN. In contrast, gfap expression already 
levels after 7DIV in rNN followed by a continuous up-regulation of map2 over the 28DIV. RNN 
are not produced from iPSC-derived NPC, but are primary NPC prepared from rat PND1 pups. 
These resemble a later developmental time that probably explains their different cell behavior 
[Baumann, 2014, Baumann, 2016, Masjosthusmann, 2018a]. Compared to the rat, human NDM-
NN express 25-100-fold less GFAP and CINDA-NN hardly any GFAP on mRNA level, while the 
immunostainings suggest presence of GFAP protein. One reason for this could be that 
astrocytes in hNN are protoplasmic, which express far less GFAP than fibrous astrocytes 
[Molofsky, 2012; Molofsky, 2015]. The significantly stronger gfap expression in rNN is likely due 
to presence of radial glia in these cultures, which is suggested by their morphology. Molecular 
analyses reveal the presence of pre- (SYN1) and post-synaptic (DLG4/PSD95) structures as 
well as glutamate NMDA and AMPA receptors and the GABAA receptor in developing NN with 
no differences between NDM and CINDA medium. Despite receptor expression, glutamatergic 
neurons seem to be absent in the cultures and neurons mainly seem to be of GABAergic nature 
with presence of dopaminergic and cholinergic neurons. Here, only TH expression was 
significantly higher expressed in CINDA-NN on DIV14 compared to NDM-NN. Dopaminergic 
differentiation might be promoted by cAMP in the CINDA medium [Belinsky, 2013]. 



 

Only few groups have been analyzing electrical activity of hiPSC-derived neural cultures on 
MEAs [Toivonen, 2013; Odawara, 2014; Odawara, 2016; Tukker, 2016; Hofrichter, 2017; Seidel, 
2017; Tukker, 2018; Izsak, 2019; Shimba, 2019]. Some studied spontaneous firing in hiPSC-
derived pure neuronal cultures [Toivonen, 2013; Tukker, 2016; Tukker, 2018] or in co-cultures 
with rat astrocytes [Odawara, 2014; Seidel, 2017]. Astrocytes contribute to neuronal signal 
transmission and maturation and should therefore be advantageous in in vitro NN [Clarke, 2013]. 
However, instead of rat astrocytes, the use of human astrocytes in neuronal co-culture is 
preferred [Oberheim, 2006; Tjarnlund-Wolf, 2014]. The differentiation protocol used in this study 
produces hiPSC-derived neurons and astrocytes simultaneously. NN differentiated in medium 
with CINDA and NDM suggest a promotion of astrocyte maturation and overall electrical network 
activity with a higher number of AE, MBR and spikes/burst when cells were grown in CINDA 
medium. Bursting activity is associated with enhanced synapse formation and long-term 
potentiation of neuronal connections [Maeda, 1995; Lisman, 1997] indicating a certain degree of 
network maturity. RNN were more active than hNN during week 2-6, possibly due to a faster 
development of this species [Semple, 2013]. 

To test for the functionality of neuronal receptors, we treated CINDA- and rNN with GABA or 
glutamate receptor agonists and antagonists. Network data indicates presence of functionally 
active GABAR that respond to GABA with NN inhibition in both species. In contrast, glutamate 
receptors seem to be non-functional, as the excitatory neurotransmitter glutamate did not 
increase spike frequency. The small decrease in MFR upon glutamate treatment might be owed 
to astrocyte glutamate metabolism [Gegelashvili, 1998] to glutamine that is then used by 
GABAergic neurons to synthesize GABA in absence of glutamatergic neurons [Lujan, 2005; 
Walls, 2015]. That glutamatergic neurons are missing in the NN becomes obvious upon 
bicucculline treatment: GABAR inhibition by bicucculline is not increasing the NN firing, which is 
expected in presence of active glutamatergic neurons [Fukushima, 2016; Odawara, 2014; 
Odawara, 2016]. Very low mRNA expression of SLC17A7 (vGLUT1) reinforces these functional 
findings. Supporting differentiation of NPC into glutamatergic neurons might be achieved by 
addition of the neurotrophic factors BDNF and GDNF [Izsak, 2019] or retinoic acid [Zhang, 2013] 
to the CINDA medium. This will be subject of further studies. Antagonization of the glutamate 
receptors NMDA and AMPA with AP5 and NBQX, respectively, cause only small changes in 
hNN activity levels. Presence of their gene products GRIN1 and GRIA1 as well as their receptor 
proteins in combination with the functional data is indicative of not fully matured glutamate 
receptors. Similar results were reported from Tang, 2013. Plating hiPSC-derived NPCs on 
laminin for patch-clamp analyses revealed much larger GABA receptor currents than glutamate 
receptor currents with NMDA receptor currents not appearing after 60DIV. This was similar to 
previous findings on rat embryonic neurons [Deng, 2007] making the authors suggest an 
evolutionarily conserved role of GABA during early neural development [Tang, 2013]. However, 
rNN seem to possess some functional NMDAR, as AP5 strongly decreases network activity. 
It has been proposed that iPSC-derived cell models might be suitable alternative models for 
future in vitro toxicological testings [Jennings, 2015; Suter-Dick, 2015]. We adapted the NN to a 
24-well plate MEA testing format that allows higher throughput testing than single well MEAs. 
Our data suggests that stability and reproducibility of the multi-well MEAs is higher compared to 
single well MEAs because the number of active chips and the percentage of AE is higher in 
multi-well compared to single well MEAs. Here we used the shellfish-toxin DA, which is known to 
hyperstimulate excitatory glutamatergic neurons and leads to cell death [Chandrasekaran, 2004; 



 

Watanabe, 2011]. SRP of both species indicate pattern changes after acute DA exposure, yet 
only rNN display a significant alteration of the total burst count at 1μM. NN characterization 
suggests an immature hNN glutamate receptor system, while rNN seem to possess at least 
some functional NMDAR that probably mediate the DA effect on the burst count. In previous 
studies rNN from cortical cultures responded to an acute treatment of 500nM DA with a 
decrease of network activity parameters [Hogberg, 2011; Wallace, 2015; Vassallo, 2017], 
suggesting cytotoxicity of neurons due to hyperstimulation. The higher sensitivity of these 
cultures is probably due to a higher maturity than our rNN that were differentiated from NPC. So 
far no data on DA treatment of hNN in vitro exists. RNN grown on MEAs are well suited for 
screening large amounts of neurotoxic compounds has recently been impressively shown. This 
is especially due to their low inter-experimental variability [Frank, 2017; Shafer, 2019]. 
To compare the hNN in vitro system to developing brains in vivo, we performed transcriptome 
analyses of hiPSC, hiNPC and further differentiated NN at DIV5, 14 and 28. Different in vitro 
differentiation stages clearly separate in the PCA analyses showing hiPSC differentiation 
potential on a global gene expression level. Similar results were e.g. published earlier for 
generating GMP grade hiNPC for therapeutic purposes [Rosati, 2018] as well as for hiPSC-
derived brain organoids [Amiri, 2018]. The in vitro-in vivo comparison relates DEX genes 
between 0 and 28DIV with DEX genes between 6 and 12 weeks post conception from the 
previously published data of in vivo prefrontal cortex samples [Kang, 2011]. Of the 2837 DEX 
genes during early brain development in vivo, 868 are also regulated in vitro indicating that as 
expected only a fraction of the neurodevelopmental processes that happen in the intact organ 
also take place in vitro. 
Yet, enriched GO-terms of the in vitro cultures reveal presence of well-defined cellular 
differentiation processes. However, it is striking that for the GABAergic GO-terms, no genes are 
enriched for the human in vitro system despite presence and functionality of GABAR. This might 
for some genes, like GAD1, be due to the lower sensitivity of microarrays compared to qRT-PCR 
[Draghici, 2006]. In addition, genes related to GABAergic signaling are not necessarily annotated 
in the GABAergic GO-terms; i.e., the GABRB3 gene that encodes via alternative splicing for a 
multitude of GABAA receptor subunit isoforms, is enriched in synapse-related GO-terms 
 
5. SUMMARY AND CONCLUSION 

 
NN from hiNPC cultured as neurospheres consist of a co-culture of neurons and astrocytes. 
Synapse-specific proteins, neuronal subtype-specific receptors and enzymes are expressed and 
respective proteins are present. While GABAR are shown to be functional, glutamate related 
receptors seem to lack presence or maturity. In contrast, at least the NMDAR seems to be 
functional in rNN that are also responsive to GABA. The neuronal maturation medium CINDA 
resulted in higher NN activity levels compared to NDM. Formation of NN in this work relied on 
spontaneous, self-organized hiNPC differentiation, maturation and synapse formation and is 
therefore highly variable. This is a critical hurdle for pharmacological or toxicological 
applications. Use of multi-well MEAs compared to single well MEAs seems to improve variability 
of MEA measurements, but more optimizing work is needed before this system is ready for 
testing application. Yet in the future GABAergic hNN grown in CINDA medium might be useful 
as part of an in vitro battery for assessing neurotoxicity. 
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9. Figure legends: 

Fig. 1. Experimental set up. hiNPC were neurally induced from hiPSC or generated from rat 
brain (PND1) and cultivated as floating neurospheres. qRT-PCR analyses and MEA recordings 
were performed weekly from day 0 until 15 weeks in vitro (WIV). Cells were fixed for 
immunocytochemistry stainings after 28 days of differentiation. For MEA plating spheres were 
cut into 0,1mm aggregates and 200 were seeded on PDL/laminin pre-coated MEA recording 
fields. 

 

Fig.2. Immunocytochemical stainings of hNN. A) Representative pictures of hNN 
differentiated with NDM or CINDA medium for 28 days: neurons (TUBB3; red), astrocytes 
(GFAP; green), pre- (SYN1) and postsynapses (PSD95; green dots), GABA receptor 
(GABAARβ), glutamate receptor (GluR1) and NMDA receptor (NMDAR1; green dots). Nuclei 
were stained with Hoechst. Scale bars=100 μm. B) Shown are quantifications of 
synapses/receptors (mean+SEM) of the ratio to total neurite area (n=3-6). 

 



 

Fig.3. mRNA expression profiles of hiPSC, hiNPC and hNN compared to rNPC and rNN. 
qRT-PCR analysis of different cell types for neural progenitor (NESTIN), astrocyte (MAP2, 
S100β, AQP4, GFAP), synaptic (SYN1, DLG4) and neuronal subtype specific markers 
(SLC17A7, ACHE, GRIA1, GRIN1, GAD1, TH) differentiated for 28 days in vitro (DIV) in NDM or 
CINDA medium. RNN serve as positive control. Data are presented as mean+SEM. *=significant 
to NDM, #=significant to NPC (n = 3, p < 0.05). 

 

Fig.4. Spontaneous electrical activity of hNN- and rNN on MEA. Shown are scatter plots of 
hNN (NDM/CINDA) and rNN differentiated for six weeks on MEAs. Plotted are the A) mean firing 
rate (MFR), B) mean bursting rate (MBR), C) spikes per burst and D) active electrodes, one dot 
represents the mean of one chip. Both hiNPC: n=40 and rat: n=43 at start of experiment. Black 
lines represent the mean of all data points. *=significant to NDM, #=significant within condition (p 
< 0.05). 

  

Fig.5. Modifications of electrical activities by acute pharmacological treatments. Analyzed 
were the ratio of treatment/control of CINDA-NN and rNN treated with GABA [1mM], bicuculline 
[10μM], glutamate [100μM], AP5 [20μM] and NBQX [10μM]. Results are depicted as A) MFR, B) 
MBR and C) Spikes/Burst. hiNPC: n=7-10, rat: n= 6-10. D) Representative 60sec spike raster 
plots (SRP) of hNN and rNN of baseline- and GABA and E) bicuculline treatment. 

 

Fig.6. Acute treatment of NN in mwMEAs with the shellfish toxin domoic acid (DA). A) 
Representative phase-contrast images of hiNN on a singlewell- and multiwell-MEA recording 
field. B) Pie-diagram of the total wells of hiNN (blue, 72 wells) and rNN (red, 96 wells) indicating 
the colour-coded numbers of active electrodes per well. C) Acute treatment of hiNPC and rNN 
with DA. Mean+SEM of the spike rate [Hz] and the burst count (number of total bursts) are 
plotted in percent of solvent control for the acute exposure time of 15min, *=significant to control 
(n = 3, p < 0.05). D) Representative 15min SRP of 1μM DA of rNN and hiNN. 

 

Fig.7. Transcriptome analyses of hiPSC, hiNPC and hNN and overrepresentation analyses 
(ORA) of gene ontology (GO) terms compared to in vivo data. A) Cluster analysis of hiPSC, 
hiNPC and hNN. Turquoise=hiPSCs; green=hiNPC; blue=hiNN (DIV5); red=hiNN (DIV14); 
violet=hiNN (DIV28), 4 replicates each. In the heatmap blue genes are down-regulated, red 
upregulated. The intensity of the colors serves as a measure of the strength of the regulation (  
≤0.05). B) Principal component analysis (PCA) of A. C) Venn-diagram of regulated genes. 
Plotted are all genes that are at least 2-fold up or down regulated between the following 
treatments: red=0vs5DIV, blue=0vs14DIV and green=0vs28DIV (  ≤0.05). D) Venn-diagram of 
regulated genes comparing in vitro to in vivo. Plotted are all genes that are at least 2-fold up or 
down regulated between the following conditions: violet: in vitro hiNPC (0vs28DIV) and gray: in 
vivo samples of human prefrontal cortex week 6vs12 [Kang, 2011]. E) Comparative analyses of 



 

genes (at least regulated 2-fold, D) of respective GO-terms, which code for neural and synaptic 
markers in vitro (violet, 0vs28DIV) and in vivo (grey, prefrontal cortex, week 6vs12, [Kang, 
2011]). 

 























SUPPLEMENTARY MATERIAL 

 

1. MATERIAL AND METHODS: 
 
1.1.  Compounds used 
γ-Aminobutyric acid (GABA,1mM, A5835), Glutamate (100μM, 49621) and Domoic acid 
(DA, D6152) were obtained from Sigma Aldrich (Saint Louis, USA). NBQX disodium salt 
(10μM, sc-222048), DL-AP5 sodium salt (20μM, sc-361139) and Bicuculline (10μM, sc-
202498) were obtained from Santa Cruz Biotechnologies (Texas, USA). CytoToxOne 
Cytotoxicity Assay Kit (G7891) was obtained from Promega Corporation (Madison, USA). 
Stock solutions of each compound were prepared in the following solvents: deionized 
water (NBQX, AP5, Glutamic acid, GABA, DA), DMSO (Bicuculline). Stock solutions were 
diluted 1:1000 to gain a final concentration of the respective solvents of 0,1% vol/vol. 
 
1.2.  Cell culture and neural induction 

 
1.2.1. Neural induction medium (NIM): 

 DMEM and Ham’s F12 (3:1 ratio, Gibco, Invitrogen) 
 20 ng/mL human recombinant epidermal growth factor (EGF, Gibco, 

Invitrogen) 
 1:50 B27 supplement (50x Stock, Gibco, Invitrogen) 
 1:100 Penicillin/Streptomycin (100x Stock, PAN-Biotech) 
 20% knockout serum replacement (KSR, Thermo Fisher Scientific) 
 10-20μM SB431542 (Merck, Germany)  
 0,5-1μM LDN-193189 (Sigma Aldrich, Germany). 

 
1.2.2. Neural proliferation medium (NPM): 

 DMEM and Ham’s F12 (3:1 ratio, Gibco, Invitrogen) 
 20 ng/mL human recombinant epidermal growth factor (EGF, Gibco, 

Invitrogen) 
 1:50 B27 supplement (50x Stock, Gibco, Invitrogen) 
 1:100 Penicillin/Streptomycin (100x Stock, PAN-Biotech) 
 for hiNPC: human recombinant FGF (20 ng/mL, R&D systems) 
 for rat NPC: rat recombinant FGF (10 ng/ml, R&D systems) 

 
1.3. Cultivation of primary human NPC 

Human neural progenitor cells [hNPC, male, gestational week (GW) 16–18] isolated from 
whole brain were purchased from Lonza Verviers SPRL (CAT. #PT-2599; LOT 
NO.:0000277385; Verviers, Belgium). HNPC were cultured as described previously 
[Baumann, 2014]. Briefly, neurospheres were cultivated in neural proliferation medium 
(NPM, see 3.2.2) at 37°C with 5% CO2. The culture was fed every two to three days by 
replacing half the medium with fresh medium and passaged every week by mechanical 
chopping of the spheres with a tissue chopper (Mcllwain Tissue Chopper, Vibratome). 

 
1.4.  Neuronal differentiation and Immunocytochemistry 

 
1.4.1. Differentiation-medium (NDM): 

 DMEM and Ham’s F12 (3:1 ratio, Gibco, Invitrogen) 
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 1:50 B27 supplement (50x Stock, Gibco, Invitrogen) 
 1:100 N2 Supplement (100x Stock, Gibco, Invitrogen) 
 1:100 Penicillin/Streptomycin (100x Stock, PAN-Biotech) 

 

1.4.2. Differentiation-medium CINDA: 
 DMEM and Ham’s F12 (3:1 ratio, Gibco, Invitrogen) 
 1:50 B27 supplement (50x Stock, Gibco, Invitrogen) 
 1:100 N2 Supplement (100x Stock, Gibco, Invitrogen) 
 1:100 Penicillin/Streptomycin (100x Stock, PAN-Biotech) 
 5mM creatine monohydrate (Sigma Aldrich, Germany) 
 100 U/ml Interferon-γ (PeproTech, Germany) 
 20 ng/ml neurotrophin-3 (PeproTech, Germany) 
 300μM dibutyryl-cAMP (Sigma Aldrich, Germany) 
 20μM ascorbic acid (Sigma Aldrich, Germany) 

 

Five neurospheres with a diameter of 300 μm were plated on PDL/laminin-coated slides with 
neural differentiation medium (NDM, see 3.4.1) or maturation-supporting CINDA medium 
(see 3.4.2). Plated spheres were cultured for 28 days and medium was changed once a 
week, respectively. Afterwards, cells were fixed with 4% PFA (Sigma Aldrich, Germany) for 
30 min at 37 °C and washed with PBS. Cells were stained with primary antibodies for 1 h at 
37 °C. After washing with PBS, cells were incubated with the secondary antibodies, 
respectively, for 30 min at 37°C. Nuclei were stained with Hoechst33258 (Sigma Aldrich, 
Germany). Samples were analyzed using a fluorescent microscope (Carl Zeiss, Germany) 
and the ZEN 2 Rel.4.8 software (Carl Zeiss, Germany). Each experiment was performed at 
least three times with three independent neural inductions. 

 

Primary antibodies: 

Antibody Cat. No., Company 
mouse-anti-β(III)-Tubulin T8660, Sigma Aldrich, Germany 
rabbit-anti-β(III)-Tubulin T2200, Sigma Aldrich, Germany 
rabbit-anti-GFAP G9269, Sigma Aldrich, Germany 
rabbit-anti-PSD-95 ab76115, Abcam 
mouse-anti-Synapsin1 106001, Synaptic Systems 
rabbit-anti-glutamate-receptor 1 AB1504, Millipore 
anti-mouse-GABA-A-receptor β MAB341, Millipore 
anti-mouse-NMDA-receptor 1 MAB363, Merck, Germany 
 

Secondary antibodies: 

Antibody Cat. No., Company 
anti-mouse-Alexa-546 Invitrogen, USA 
anti-rabbit-Alexa488 Invitrogen, USA 
 

1.5.  Quantification 

Quantification analyses of synapses and receptors were performed by analyzing the neurite 
mass in μm2 and number of synapses (synapses/neurite area [μm2]) using the Omnisphero 



software as previously described [Hofrichter, 2017]. In detail, to account for a brighter β(III)-
tubulin staining, structuring elements to eliminate uneven background were adjusted as well 
as thresholding of the resulting images with the Otsu method. Here, algorithms for the 
segmentation of digital images generated binary images and allowed the recognition of pixels 
that either represent objects (e.g. neurites and synapses) or their environment. The Otsu 
method defines a threshold that determines classes in which the dispersion within the 
classes is as small as possible, but between the classes is as large as possible. The quotient 
between the two variances is determined and a threshold value is calculated in which the 
quotient is as large as possible [Otsu, 1979]. 

For quantification analyses of synapses and receptors of hiNN, three independent 
experiments consisting of three neural inductions were performed. For each individual n a 
minimum of 6 images were analyzed for quantifications. Here, both the total number of 
synapses and the number and area of β(III)-tubulin positive neurites were calculated. 
Synapses that colocalize with neurites were analyzed using a script written in the 
Omnisphero software [Schmuck, 2017]. Therefore, the images of β(III)-tubulin stainings were 
first preprocessed using two different analyzing methods:  

i. foreground -pixels were removed using a non-flat structuring element (sphere) 
(https://www.mathworks.com/help/images/ ref / imopen.html), which allows estimation 
of the uneven background. This background was then subtracted from the image. 

ii. an adaptive threshold method was used on the same images 
(https://www.mathworks.com/matlabcentral/fileexchange/8647-local-adaptive-
thresholding).  

 
The resulting binary image was used as a mask and compared to the image from (i) to 
extract background regions. After this, the image was provided with a fixed threshold 
calculated by the Isodata-(Iterative Self-Organizing Data Analysis) technique-algorithm [Ball, 
1965]. In a second approach, the same image (background-corrected), was processed with 
different edge-detection algorithms [Canny, 1986; Lim, 1990; Parker, 2011]. This image was 
then added to the images resulting from the two-step adaptive thresholding and small holes 
were filled up using the fill function. Images of immunofluorescent staining of synapses 
(postsynaptic marker PSD95 and presynaptic marker SYN1) were also processed by 
removing the foreground pixels to estimate the background. Subsequently, an isodata 
threshold was applied to filter out large particles that were not considered to be synapses. In 
a final step, all synapses that were not on a binary component of the neurite image were 
removed. Finally, the area of the binary neurite components, as well as the number of 
synapse particles and the relevant density of these particles are calculated as particles per 
area (synapses / neurite area [μm2]). The method described above can be applied not only to 
synapse staining, but also e.g. on the staining of various neuronal receptors (NMDAR1 as a 
marker for the NMDA receptor, GluR1 as a marker for the AMPA receptor, GABAARβ1 as a 
marker for the GABA receptor) for the identification and quantification of the neuronal 
subtypes present in the culture. 
 

1.6.  Quantitative reverse-transcription PCR 
 

Gene: Human Primer: Rat Primer: 
βACTIN FW:5'-CAGGAAGTCCCTTGCCATCC-3' 

RV:5'-ACCAAAAGCCTTCATACATCTCA-3' 
FW:5'-CAGGAAGTCCCTTGCCATCC-3' 
RV:5'-ACCAAAAGCCTTCATACATCTCA-3' 

NESTIN FW:5'-CCCCGTCGGTCTCTTTTCTC-3' 
RV:5'-TCGTCTGACCCACTGAGGAT-3' 

FW:5'-GGATGGGGACGAGGATCAAG-3' 
RV:5'-TGAGGACCAGGAATCCCCAT-3' 

MAP2 FW:5'-TGCCTCAGAACAGACTGTCAC-3' 
RV:5'-AAGGCTCAGCTGTAGAGGGA-3' 

FW:5'-CTGGAAGAAGCCTCGAAGATGG-3' 
RV:5'-TACTTGTGTCCGGCTGAGGA-3' 



S100β FW:5'-CACAAGCTGAAGAAATCCGAAC-3' 
RV:5'-CACATTCGCCGTCTCCATC-3' 

FW:5'-GCTTCTCTGTCTACCCTCCTA-3' 
RV:5'-CCCTCTCTCCCTGAATACTGAT-3' 

AQP4 FW:5'-GGTGCCAGCATGAATCCC-3' 
RV:5'-TGGACAGAAGACATACTCATAAAGG-3' 

FW:5'-CAATTATACCGGAGCCAGCAT-3' 
RV:5'-TCAGGACAGAAGACATACTCGT-3' 

GFAP FW:5'-GATCAACTCACCGCCAACAGC-3' 
RV:5'-CTCCTCCTCCAGCGACTCAATCT-3' 

FW:5'-ACAGCAAAACAAGGCGCTGGC-3' 
RV:5'-TCTTGGAGCTTCTGCCTCAGGG-3' 

SYN1 FW:5'-GTGCTGCTGGTCATCGAC-3' 
RV:5'-CCACAAGGTTGAGATCAGAGAA-3' 

FW:5'-CAAACCACAGCTGGCTCAGAA-3' 
RV:5'-GGTCAGAGACTGGGATTTGTTGAG-3' 

DLG4 FW:5'-CCAGAAGAGTACAGCCGATTC-3' 
RV:5'-CTTGGTCTTGTCGTAATCAAACAG-3' 

FW:5'-ACCAAGAAATACCGCTACCAAG-3' 
RV:5'-TCACCTGCAACTCATATCCTG-3' 

SLC17A7 FW:5'-CAGAAAGCCCAGTTCAGC-3' 
RV:5'-ACAATAGCAAAGCCGAAAACTC-3' 

FW:5'-CACTGCCTCACCTTGTCAT-3' 
RV:5'-TTCATCAGCTTTCGCACATTG-3' 

GRIA1 FW:5'-CTTAATCGAGTTCTGCTACAAATCC-3' 
RV:5'-GTATGGCTTCGTTGATGGATTG-3' 

FW:5'-CCACTACATCCTCGCCAATC-3' 
RV:5'-GTCACTTGTCCTCCATTGCT-3' 

GRIN1 FW:5'-CTCCTGGAAGATTCAGCTCAA-3' 
RV:5'-GTGGATGGCTAACTAGGATGG-3' 

FW:5'-TCATCTCTAGCCAGGTCTACG-3' 
RV:5'-GATTCTGTAGAAGCCAGCTGT-3' 

GAD1 FW:5'-GACCCCAATACCACTAACCTG-3' 
RV:5'-GCTGTTGGTCCTTTGCAAG-3' 

FW:5'-CTCCAAGAACCTGCTTTCCT-3' 
RV:5'-TCAACCACCTCCAGTAAGAAC-3' 

TH FW:5'-TTCTCGCAGGACATTGGC-3' 
RV:5'-CTTACACAGCCCGAACTCC-3' 

FW:5'-AGTACAAGCACGGTGAACCA-3' 
RV:5'-GATGCTGTCCTCTCGGTAGC-3' 

ACHE FW:5'-ATGCGATACTGGGCCAAC-3' 
RV:5'-GTCCAGACTAACGTACTGCT-3' 

FW:5'-TCAGGTTCAGGCTCACGTAT-3' 
RV:5'-TCAGGTTCAGGCTCACGTAT-3' 

SLC6A4 FW:5'-GCTGTGTCTTGGTTCTATGGC-3' 
RV:5'-GGCTCATCAGAAAACTGCAAA-3' 

FW:5'-TGCTCATCTTCACCGTAATCTAC-3' 
RV:5'-GGACAGAGAGGACAATGTATGG-3' 

NOTCH1 FW:5'-GAAGTTCCGGTTCGAGGAGC-3' 
RV:5'-ATGAAGTCGGAGATGACGGC-3' 

EGFR FW:5'-ATCACCTGCACAGGACGGGGA-3' 
RV:5'-GGACGGGATCTTAGGCCCATTCG-3' 

ID2 FW:5'-ACCCGATGAGCCTGCTATAC-3' 
RV:5'-GCTGACAATAGTGGGAT-3' 

CALB2 FW:5'-GGAAATATGGAAGCACTTTGACG-3' 
RV:5'-TCACTCTTTGACATCATGCCA-3' 

OLIG2 FW:5'-CCGATGACCTTTTTCTGCCG-3' 
RV:5'-CCACTGCCTCCTAGCTTGTC-3' 

DCX FW:5'-GGATCCAGGAAGATCGGAAG-3' 
RV:5'-TTACGTTGACAGACCAGTTGG-3' 

DRD4 FW:5'-TGCTGCCGCTCTTCGTC-3' 
RV:5'-GAACCTGTCCACGCTGATG-3' 

GRIA4 FW:5'-CAGGGAATTGACATGGAGAGG-3' 
RV:5'-TTGTGTAATTGACTCTACGTCCA-3' 

STMN2 FW:5'-CGTCTGCACATCCCTACAATG-3' 
RV:5'-TGCTTCACTTCCATATCATCGT-3' 

GRM5 FW:5'-TGTGAGAAAGGCCAGATCAAG-3' 
RV:5'-TGCCTTGCATGTGTACTCATC-3' 

CHRM3 FW:5'-TCACGCTGGGAGCTGTA-3' 
RV:5'-AGCAAAACCTTATTGTACCTTAGC-3' 

GABBR1 FW:5'-CTGAGGTCTTCACTTCGACTC-3' 
RV:5'-AAAGTCCCACGATGATTCGG-3' 

GABRB3 FW:5'-AACCGCATGATCCGTCTTC-3' 
RV:5'-GCCATAGCTTTCAATTTCCAGA-3' 

 

 

 



1.7. NN differentiated on microelectrode arrays (MEA)  

Statistical analyses of baseline activity parameters (MFR, MBR, spikes/burst and AE) were 
done in R version 3.6.0 [R-CoreTeam, 2019]. In case of the hiNPC-derived neural networks 
(NDM and CINDA), we modelled the activity of the networks (measured by spikes/min 
(MFR), bursts/min (MBR), spikes/burst and number of active electrodes (AE)) using a mixed 
model with random intercepts [Laird, 1982] to account for the repeated measurements of 
each network. The fixed terms of the model include a common intercept, the week of 
measurement (weeks 2 to 6), the condition and the interaction of week and medium. The 
model was fitted using the R function package nlme [Pinheiro, 2019].To test for differences 
between the media for each week and between consecutive weeks for each medium, we 
used simultaneous confidence intervals for general linear hypotheses controlling the family-
wise error rate as implemented in package multcomp [Hothorn, 2008]. In case of the rNN, we 
used a separate mixed model with random intercepts for each network, where the fixed term 
only includes the common intercept and the week of measurement. We tested for differences 
between consecutive weeks using the methodology described above. To analyze long-term 
effects, we applied the same procedure as described above but replaced the week of 
measurement in the fixed term by a factor variable indicating short (weeks 1-6), medium 
(weeks 7- 11) and long term (more than 11 weeks).  

For the statistical analyses of all experiments also values from 0-1 are included (not shown in 
log scale). 

 

1.8. NN characterization with pharmacological treatments 

Data acquisition was managed with MC-Rack (Multichannelsystems, Germany). We 
performed 5min of consecutive 1-min recordings (first minute was deleted subsequently). 
Raw data were generated using a sampling rate of 20-25kHz on all electrodes using a band 
pass filter (100-3500Hz). For spike detection we used the SpaNnEr software (Results 
Medical GmbH, Duesseldorf, Germany) with a variable threshold spike detector of 6x 
standard deviation of the internal ground noise on each electrode. To be regarded as active 
each electrode must record ≥5 Spikes/min. A well was defined as active, if ≥3 active 
electrodes were calculated. 

 

1.9. Cytotoxicity of acute treatment of NN in mwMEA with domoic acid (DA) 

Data acquisition was managed with the Multiwell-Screen (Multichannelsystems, Germany). 
We performed 15min baseline- and treatment-recordings. Raw data were generated using a 
sampling rate of 20kHz on all electrodes using a band pass filter (300-3500Hz). Spike 
detection of the MEA-multiwell-plates were performed with the Multiwell-Analyzer 
(Multichannelsystems, Germany) using an automatic threshold estimation of 500ms baseline 
duration and rising/falling edge of 5x standard deviation of the noise level. For burst detection 
the Multiwell-Analyzer Burst Detector (Multichannelsystems, Germany) was used using a 
max. 100ms interval to start/end a burst, a 20ms interval between bursts with 10ms duration 
of each burst. A burst was defined as a minimum of 3 spikes. Cytotoxicity was assessed 
using the Lactate-Dehydrogenase (LDH) Cytotoxicity Assay (Promega, Germany) according 
to manufacturer's instructions. Briefly, medium from control and treated hiNN and rNN was 
collected and incubated with the LDH solution for 2 h before fluorescence (540Ex/590Em) 
was measured using a multimode microplate reader (Tecan, Switzerland) and normalized to 
lysis control. 

 



1.10. Affymetrics Microarray analysis 
Data analyses on Affymetrix CEL files were conducted with GeneSpring GX software 
(Vers.12.5; Agilent Technologies) and Transcriptome Analysis Console (TAC; Vers. 4.0.1.36 
Thermo Fisher Scientific). In GeneSpring, probes within each probe set were summarized by 
GeneSprings’ ExonRMA16 algorithm after quantile normalization of probe-level signal 
intensities across all samples to reduce inter-array variability [Bolstad, 2003]. Input data pre- 
processing was concluded by baseline transformation to the median of all samples. After 
grouping of samples (for biological replicates each) according to their respective 
experimental condition, a given probe set had to be expressed above background (i.e., 
fluorescence signal of that probe set was detected within the 20th and 100th percentiles 
of the raw signal distribution of a given array) in all four replicates in at least one of five 
conditions to be further analyzed in pairwise comparisons. Differential gene expression 
was statistically determined by Moderated T-Test. The Resulting values were corrected 
for multiple testing by Bonferroni-correction. A value of ≤0.05 was considered 
significant. Hierarchical cluster analysis was performed with Euclidian similarity measures 
and Ward’s linkage. The expression profile of single genes in the heatmap (Fig.7A) was 
prepared with the Multiple Experiment Viewer (MeV 4.9.0; http://mev. tm4.org/). In TAC the 
Probes within each probe set were summarized by Robust Multichip Average (RMA) after 
quantile normalization of probe level signal intensities across all samples to reduce inter-array 
variability. For analysis, samples were grouped according to their respective experimental 
conditions (four replicates for each condition). For the generation of Venn diagrams (Fig. 
7C,D) we compared all genes that were differentially expressed with a false discovery rate 
(FDR) of ≤ 0.05 and a two-fold change in expression. Duplicate probe sets were deleted so 
that each differentially expressed gene is represented as 1 probe set. We compared our in 
vitro transcription profiles to in vivo samples that originate from homogenates of the 
prefrontal cortex postconceptional week (pcw) 6 (embryonic) and pcw 12, (fetal; Kang, 
2011). These brain regions have been chosen, because they consist both of proliferating 
progenitor cells as well as differentiating and migrating neurons and glia cells [Silbereis, 
2016]. In vitro and in vivo samples for the generation of Venn diagrams were 
evaluated with TAC as described above. Data evaluation of all other figures was 
performed in GeneSpring GX software. 
 
 

1.11. Flow cytometry analysis 

For flow cytometry analysis 50 hiNPC and primary hNPC neurospheres each with a diameter 
of 300μm were collected. Cells were singularized by incubation with Accutase (Invitrogen, 
USA) for 10 min at 37°C and 5% CO2. Singularized cells were stained with Fixable viability 
dye eFluor® 506 for 30min in the dark at 4°C. Afterwards, cells were fixed with 4% 
paraformaldehyde (PFA, Sigma Aldrich, Germany) for 30min at 37°C and washed with PBS 
(Life Technologies, USA). Subsequently, cells were permeabilized with 0.1% Triton-X and 
blocked with 10% mouse serum (Sigma Aldrich, Germany) in PBS (Life Technologies, USA, 
0.1% PBS-T) at room temperature for 15min. Finally, cells were stained with anti-Nestin-
Alexa647 (BD Bioscience, Germany) and either anti-PAX6-Alexa488 or anti-SOX2-Alexa488 
(BD Bioscience, Germany) antibodies in 0.1% PBS-T supplemented with 10% mouse serum 
in the dark at 4°C for 60min. Samples were analyzed using a BD FACS-Canto-II flow 
cytometer and the software FlowJo Version 10.5.3 (BD Biosciences, Germany). 

Flow cytometry antibodies: 

Antibody Cat. No., Company 
Mouse-anti-nestin-Alexa647 560393, BD Biosciences, Germany 
Mouse-anti PAX6-Alexa488 561664, BD Biosciences, Germany 
Mouse-anti-SOX2-Alexa488 560301, BD Biosciences, Germany 
Fixable Viability Dye eFluor® 506 65-0866, eBioscience, Germany 
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Supplementary Figures: 
 

Fig.S1: Representative Flow cytometry analysis of hiNPC and primary human NPC 
(pNPC). (A) Gating strategy for hiNPC (IMR90) and pNPC. (B) Flow cytometry analysis of 
unstained and stained samples for the neural markers PAX6 and Nestin as well as (C) SOX2 
and Nestin Samples were analyzed using a BD FACSCanto II and FlowJo software 10.5.3 
(BD Biosciences, Germany). Number of analyzed cells =20 000. 

 

 

Fig.S2: Immunocytochemical stainings of rNN. Representative pictures of rNN 
differentiated in NDM for 28 days into TUBB3+ neurons (red) and GFAP+ astrocytes (green). 
Nuclei were stained with Hoechst. Scale bars = 100 μm. 

 

 

Fig.S3: mRNA expression profiles of hiPSC, hiNPC and hNN compared to rNPC and 
rNN. qRT-PCR analysis of the serotonergic transporter gene SLC6A4 after 28 DIV in NDM or 
CINDA medium. Rat samples serve as a positive control. Data are presented as mean+SEM 
(n = 3). 

 

 

Fig.S4: Spontaneous electrical activity of hNN- and rNN. Shown are scatter plots of hNN 
(NDM/CINDA) and rNN differentiated for 15 weeks in vitro (WIV) on MEAs. Plotted are the A) 
mean firing rate (MFR), B) mean bursting rate (MBR), C) spikes per burst and D) active 
electrodes. One dot represents one chip (hiNPC: n=40, Rat: n=43 at start of experiment). 
Black lines represent the mean of all data points. *=significant to NDM, #=significant within 
condition (p < 0.05). 

 

 

Fig.S5: Acute treatment of NN in mwMEA with the shellfish toxin domoic acid (DA). 
Acute treatment of hiNPC and rNN with DA. Mean+SEM of A) percentage of spikes per 
burst, B) mean Burst spike rate [Hz], C) mean burst duration are plotted in percent of solvent 
control for the acute exposure time of 15 min. Cytotoxicity of D) rNN and E) CINDA-NN was 
assessed using the Lactate-Dehydrogenase (LDH) Cytotoxicity Assay (Promega, Germany) 
and normalized to lysis control (hNN: n=3, rNN: n=3). 

 

 

Fig.S6: Validation of microarray experiments by qRT-PCR. qRT-PCR analysis of mRNA 
samples from hiNPC (four replicates) that were used for transcriptional microarray analysis 
were compared to results of microarray analysis. Data is presented as mean+SEM fold 
change between 0 and 28 days (black: qRT-PCR, grey: microarray analysis). 

Supplementary Figure captions
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