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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.
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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
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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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).



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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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,
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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.

https://www.mathworks.com/help/images/ref/imopen.html
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http://www.graphpad.com
http://www.graphpad.com


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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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
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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.
Fig. 3. Comparative functional analyses of hiPSC-neurospheres and primary human neurosphe
basic processes of neurodevelopment (proliferation, migration, differentiation and viability) in
with (solid line) or without growth factors (GF; dotted line). Values represent mean ± SD, n
of neurospheres on Poly-D-Lysin (PDL)/Laminin coated plates in NDM. Values represent
quantification of at least five representative immunocytochemical images per neural inductio
plated on PDL/Laminin coated plates in NDM. Nuclei were stained with Hoechst 33258 (blue
μm; scale bar in insertions = 20 μm.
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
res using the ‘Neurosphere Assay’. (A): The ‘Neurosphere Assay’ is a method to determine
vitro. (B): Proliferation was measured for 14 days in neural proliferation medium (NPM)
= 3. Scale bars = 200 μm. (C): Migration distance of migrating cells 3 days after plating
mean + SEM, n = 3. Scale bars = 500 μm. (D): Immunocytochemical stainings and
n for the neuronal marker βIII-Tubulin in 7 days differentiated NPCs of different origins
). Each n represents an independent neural induction; Scale bars in large images = 100
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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
Fig. 4.Comparative immunofluorecent stainings of 28-days differentiated neurospheres. Primar
GFAP (astrocytes/NPCs, green, A/B) after 28 days of differentiation. hiPSC-NPCs show co-locali
(green, (F)) and three representative images of results from three independent neural induct
= 100 μm.
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
y hNPCs (A/C) and hiPSC-NPCs (B/D)were stained forβIII-Tubulin (neurons, red, A–D) and
zation of βIII-Tubulin (red) with the synapse markers Synapsin1 (green, (E)) and PSD-95
ions were quantified (G). Nuclei are counter-stained with Hoechst 33,258. Scale bars A–F



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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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. 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.
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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
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
(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
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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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