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A B S T R A C T

Neurotoxicity testing still relies on ethically debated, expensive and time consuming in vivo experiments, which
are unsuitable for high-throughput toxicity screening. There is thus a clear need for a rapid in vitro screening
strategy that is preferably based on human-derived neurons to circumvent interspecies translation. Recent
availability of commercially obtainable human induced pluripotent stem cell (hiPSC)-derived neurons and as-
trocytes holds great promise in assisting the transition from the current standard of rat primary cortical cultures
to an animal-free alternative.

We therefore composed several hiPSC-derived neuronal models with different ratios of excitatory and in-
hibitory neurons in the presence or absence of astrocytes. Using immunofluorescent stainings and multi-well
micro-electrode array (mwMEA) recordings we demonstrate that these models form functional neuronal net-
works that become spontaneously active. The differences in development of spontaneous neuronal activity and
bursting behavior as well as spiking patterns between our models confirm the importance of the presence of
astrocytes. Preliminary neurotoxicity assessment demonstrates that these cultures can be modulated with known
seizurogenic compounds, such as picrotoxin (PTX) and endosulfan, and the neurotoxicant methylmercury
(MeHg). However, the chemical-induced effects on different parameters for neuronal activity, such as mean
spike rate (MSR) and mean burst rate (MBR), may depend on the ratio of inhibitory and excitatory neurons. Our
results thus indicate that hiPSC-derived neuronal models must be carefully designed and characterized prior to
large-scale use in neurotoxicity screening.

1. Introduction

Human induced pluripotent stem cell (hiPSC)-derived neuronal
cultures are becoming increasingly important for in vitro neurotoxicity
testing. These neuronal cultures could provide an alternative for costly,
time consuming and ethically debated animal experiments or in vitro
work with primary cultures. Moreover, there is a clear need for alter-
natives of human origin since animal-based models do not always
mimic the human physiology and can therefore in some cases be poor
predictors for human adverse outcomes (Hartung, 2008).

The use of hiPSC-derived neurons for neurotoxicity testing would
circumvent the need for interspecies translation. As such, the recent
commercial availability of these neuronal models holds great promise
in assisting the transition from the current gold standard of rat primary
cortical cultures (Alloisio et al., 2015; Dingemans et al., 2016; Hogberg
et al., 2011; Hondebrink et al., 2016; McConnell et al., 2012; Nicolas
et al., 2014; Valdivia et al., 2014; Vassallo et al., 2017) to hiPSC-de-
rived models (Tukker et al., 2016). We have recently shown that these
commercially available models have the potential to develop

spontaneously active neuronal networks that can be used for screening
and prioritization of chemically induced effects on neuronal activity
(Tukker et al., 2016), whereas others have already shown that hiPSC-
derived neurons exhibit the behavior and function of mature neurons
(Hyysalo et al., 2017; Odawara et al., 2016; Paavilainen et al., 2018).
While costly in comparison to (rodent) primary cultures and (human)
neural progenitor cells, an important benefit of hiPSC-derived neurons
is the rapid development of a functional neuronal network, in contrast
to the time consuming differentiation of hiPSCs into neural progenitor
cells that subsequently need to be cultured into functional neurons, a
process that can take several weeks (Görtz et al., 2004; Hyysalo et al.,
2017; Kuijlaars et al., 2016) till months (Odawara et al., 2016;
Paavilainen et al., 2018). Opting for these commercially obtainable
cells comes with the additional benefit that they are available in high
quantity, allowing for efficient screening (Anson et al., 2011). On the
other hand, besides being costly, hiPSC-derived neurons have the dis-
advantage of being less well characterized for electrophysiological
studies and have so far been little used for neurotoxicity screening.

In vitro screening models should represent the in vivo situation as
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closely as possible and must contain sufficient complexity to answer the
research question (Pamies and Hartung, 2017; Westerink, 2013). With
regard to neurotoxicity testing, this means that the model must capture
the complexity and diversity of cell types of the human brain. It thus
must form functional networks with a controlled balance of excitatory
and inhibitory neurons as well as supportive cells. However, until now,
most studies focused on cell cultures containing only hiPSC-derived
neurons, whereas other neuronal cell types and/or astrocytes should
also be included. Astrocytes, for example, play an important role in the
regulation of the development of neurons (Tang et al., 2013) and also
have been shown to enhance the development of neuronal networks
and action potentials in human iPSC-derived co-cultures (Ishii et al.,
2017). The addition of astrocytes to the neuronal model has also been
reported to increase synchrony of the networks (Amiri et al., 2013).
Moreover, inclusion of astrocytes also adds specific, physiologically
relevant targets for toxic insults to the culture that would not be present
in a pure neuronal model. Notably in this respect, there is growing
evidence that astrocytes can play a protective role against chemical-
induced neurotoxicity (Takemoto et al., 2015; Wu et al., 2017).

Currently, however, there is still a knowledge gap that has to be
filled before co-cultured hiPSC-derived models can replace the primary
rat cortical cultures and become the new gold standard for mwMEA
experiments. For example, the role of different cell types in hiPSC-de-
rived neuronal cultures is largely unexplored and concerns regarding
the immature phenotype, including limited bursting, have been raised

(Meneghello et al., 2015). We therefore composed different (co-)cul-
tures of iCell Glutaneurons® (∼90% excitatory glutamatergic neurons/
10% inhibitory GABAergic neurons) and iCell neurons® (∼30% ex-
citatory glutamatergic neurons/70% inhibitory GABAergic neurons) in
the absence or presence of astrocytes to explore the role of different cell
types in development of neuronal activity and suitability for in vitro
neurotoxicity testing, including seizure liability testing.

2. Materials and methods

2.1. Chemicals

N2 supplement, penicillin-streptomycin (10.000 U/mL–10.000 μg/
mL), Geltrex, phosphate-buffered saline (PBS), fetal bovine serum
(FBS), DMEM, trypsin-EDTA, 4′,6-diamidino-2-phenylindole (DAPI),
donkey anti-rabbit Alexa Fluor® 488 and donkey anti-mouse Alexa
Fluor® 594 were obtained from Life Technologies (Bleiswijk, The
Netherlands). FluorSave was obtained from Calbiochem (San Diego,
California, USA). iCell® Neurons Maintenance medium, iCell® Neurons
Medium Supplement and Nervous System Supplement were obtained
from Cellular Dynamics International (Madison, WI, USA). Rabbit anti-
β(III)-tubulin (Ab18207), mouse anti-S100β (Ab11178) and rabbit anti-
vGluT1 (Ab104898) were obtained from Abcam (Cambridge, United
Kingdom). Mouse anti-vGAT (131001) was obtained from Synaptic
Systems (Göttingen, Germany). BrainPhys neuronal medium was ob-
tained from StemCell Technologies (Cologne, Germany).
Paraformaldehyde (PFA) was obtained from Electron Microscopy
Sciences (Hatfield, Pennsylvania, USA). Picrotoxin (PTX), endosulfan
(α:β 2:1 99.9%), methylmercury (MeHg), 50% polyethyleneimine (PEI)
solution, laminin, sodium borate, boric acid, bovine serum albumin and
all other chemicals (unless described otherwise) were obtained from
Sigma-Aldrich (Zwijndrecht, The Netherlands).

Stock solutions of endosulfan and MeHg were prepared in dimethyl
sulfoxide (DMSO). For PTX, stock solutions were freshly prepared in
ethanol (EtOH) directly before every experiment.

Table 1
Composition and density of the different cell models.

Type of culture Cell types and ratio Seeding density/
well or chamber

iCell® Glutaneuron monoculture 100% Glutaneurons 80,000
iCell® Glutaneuron-iCell® neuron co-

culture
20% iCell neurons
80% Glutaneurons

80,000

iCell® Glutaneuron-iCell®-Astrocyte
co-culture

50% Glutaneurons
50% Astrocytes

150,000

iCell® Glutaneuron-iCell® neuron-
iCell® Astrocyte co-culture

40% Glutaneurons
10% iCell neurons
50% Astrocytes

140,000

Table 2
Overview and description of used metric parameters.

Metric parameter Description

Mean spike rate (MSR) Total number of spikes divided by recording time (Hz)
ISI coefficient of variation Standard deviation ISI (time between spikes) divided by the mean ISI. Measure for spike regularity: 0 indicates perfect spike

distribution,> 1 signals bursting
Burst duration Average time from the first spike in a burst till the last spike (s)
Number of spikes per burst Average number of spikes occurring in a burst
Mean ISI within burst Mean inter-spike interval within a burst (s)
Median ISI within burst Median inter-spike interval within a burst (s)
Inter-burst interval (IBI) Time between the last spike of a burst and the first spike of a subsequent burst (s)
Burst frequency Total number of bursts divided by recording time (Hz)
IBI coefficient of variation Standard deviation of IBI divided by the mean IBI. Measure for burst regularity
Burst percentage Percentage of total number of spikes occurring in a burst
Network burst frequency Total number of network bursts divided by recording time (Hz)
Network burst duration Average time from the first spike till the last spike in a network burst (s)
Number of spikes per network burst Average number of spikes occurring in a network burst
Mean ISI within network burst Average of the mean ISIs within a network burst (s)
Median ISI within network burst Average of the median ISIs within a network burst (s)
Number of spikes per network burst/channel Average number of spikes in a network burst divided by the electrodes participating in that burst
Network burst percentage Percentage of total spikes occurring in a network burst
Network IBI coefficient of variation Standard deviation of network IBI divided by the mean network IBI. Measure of network burst rhythmicity: value is small

when bursts occur at regular interval and increases when bursts occur more sporadic
Network normalized duration IQR Interquartile range of network bursts durations. Measure for network burst duration regularity: larger values indicate wide

variation in duration.
Area under normalized cross-correlation Area under inter-electrode cross-correlation normalized to the auto-correlations. The higher the value, the greater the

synchronicity of the network.
Full width at half height of normalized cross-

correlation
Width at half height of the normalized cross-correlogram. Measure for network synchrony: the higher the value, the less
synchronised the network is.
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2.2. Cell culture

Cells were cultured at 37 °C in a humidified 5% CO2 incubator in
line with supplier’s instructions. All cell culture surfaces (coverslips and
MEA plates) were pre-coated with 0.1% PEI solution diluted in borate
buffer (24mM sodium borate/50mM boric acid in Milli-Q adjusted to
pH 8.4) unless stated otherwise.

iCell® Astrocytes (Cellular Dynamics International, Madison, WI,
USA) were thawed and cultured in DMEM with high glucose and 10%
FBS, 1% N2 supplement and 1% penicillin-streptomycin, and were
grown for 3–4 passages in Geltrex-coated culture flasks before using
them in the co-cultures. Culture medium was refreshed every 3–4 days.

iCell® Glutaneurons and iCell® Neurons (Cellular Dynamics
International, Madison, WI, USA) were thawed in Complete iCell
Neurons Maintenance Medium supplemented with 2% iCell Neurons
medium supplement, 1% penicillin-streptomycin and 1% laminin
(10 μg/mL).

Before final plating, cells were pre-mixed into one of the four de-
sired cultures: 1) monoculture of iCell® Glutaneurons, 2) co-culture of
iCell® Glutaneurons and iCell® neurons, 3) co-culture of iCell®

Glutaneurons and iCell® Astrocytes and 4) co-culture of iCell®

Glutaneurons, iCell® neurons and iCell® Astrocytes. The different cell
culture models and total number of cells/well or cells/chamber are
described in Table 1.

For immunofluorescent stainings, the different cell culture models
were seeded on 8-chamber coverslips (Ibidi GmbH, Planegg, Germany)
in 10 μL droplets of cell suspension with a density of 80,000 cells/
droplet for the iCell® Glutaneuron monoculture and iCell® Glutaneuron-
iCell® neuron co-culture; 150,000 cells/droplet for the iCell®

Glutaneuron-iCell® Astrocyte co-culture and 140,000 cells/droplet for
the iCell® Glutaneuron-iCell® neuron-iCell® Astrocyte co-culture. For
multi-well micro-electrode array (mwMEA) experiments, cells were
seeded as 10 μL droplets of cell suspension, with the same seeding
density/droplet as described above, directly over the electrode field of

Fig. 1. Immunofluorescent stainings of the iCell® Glutaneuron
monoculture (A) and iCell® Glutaneuron-iCell® neuron co-culture
(B). At DIV21 the monoculture was stained with β(III)tubulin
(green) to identify neurons and show network formation (A). To
demonstrate the presence of GABAergic and glutamatergic neu-
rons in the iCell® Glutaneuron-iCell® neuron co-culture cells were
stained with vGAT (red) and vGlut (green) (B). Nuclei are stained
with DAPI (blue). Scale bar depicts 25 μm. (For interpretation of
the references to colour in this figure legend, the reader is referred
to the web version of this article).

Fig. 2. Immunofluorescent stainings of the different hiPSC-derived neuronal co-cultures with astrocytes. At DIV7 (left), 14 (middle) and 21 (right) cultures were
stained with β(III)tubulin (green) and S100β (red) to identify respectively neurons and astrocytes in the iCell® Glutaneuron-Astrocyte co-culture (A) and iCell®

Glutaneuron-iCell® neuron-Astrocyte co-culture (B). Nuclei are stained with DAPI (blue). Scale bar depicts 25 μm. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).
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each well of a 48-well MEA plate (Axion Biosystems Inc., Atlanta, GA,
USA). The droplets of cell suspension, both on the coverslips and on the
MEA plates, were allowed to adhere for 1 h in a humidified incubator at
37 °C and 5% CO2. Next, room temperature (RT) supplemented
BrainPhys medium (BrainPhys neuronal medium supplemented with
2% iCell Neuron supplement, 1% Nervous System supplement, 1%
penicillin-streptomycin, 1% N2 supplement and 0.1% laminin (10 μg/
mL)) was added (300 μL for MEA, 200 μL for chambers), and cells were
placed back in the humidified incubator. After 1 day in vitro (DIV1),
50% of the medium was refreshed with RT supplemented BrainPhys
medium. Hereafter, 50% medium changes took place 3 times a week up
till DIV21.

2.3. Immunocytochemistry

The different hiPSC-derived neuronal (co-)cultures were fixated as
described previously (Tukker et al., 2016) on DIV7, 14 and 21 with 4%
PFA in 0.1M PBS (pH 7.4) for 15min at RT. Briefly, following fixation
coverslips were quenched for PFA, permeabilized and incubated for
20min at RT with 20mM NH4Cl in blocking buffer (2% bovine serum
albumin and 0.1% saponin in PBS). Next, coverslips were incubated
overnight at 4 °C with rabbit anti-βIII tubulin (final dilution 1:250),

mouse anti-S100β (final dilution 1:500), mouse anti-vGAT (final dilu-
tion 1:1000) and/or rabbit anti-vGluT1 (final dilution 1:1500) in
blocking buffer. Hereafter, coverslips were washed 3 times with
blocking buffer and incubated with donkey anti-mouse Alexa Fluor®

488 and/or donkey anti-rabbit Alexa Fluor® 594 (final dilution 1:100)
for 30min at RT in the dark. Coverslips were incubated for 2–3min
with 200 nM DAPI at RT in the dark for nuclear staining. Coverslips
were again washed 3 times with blocking buffer and sealed with
FluorSave. The coverslips were stored at 4 °C in the dark until further
use. Immunostained coverslips were visualized with a Leica SPEII
Confocal microscope (Leica DMI4000 equipped with TCS-SPE-II) using
a 20x oil immersion objective (N.A. 1.4-0.7). Images were captured as.
tiff files using Leica Application Suite Advanced Fluorescence software
(LAS AF version 2.6.0; Leica Microsystems GmbH, Wetzlar, Germany).

2.4. MEA measurements

The different hiPSC-derived neuronal (co-)cultures were cultured on
48-well PEI-coated MEA plates (Axion Biosystems Inc., Atlanta, GA,
USA). Each well contains an electrode array of 16 nanotextured gold
micro-electrodes (40–50 μm diameter; 350 μm center-to-center spacing)
with 4 integrated ground electrodes, yielding a total of 768 channels,

Fig. 3. Spike raster plots of different hiPSC-derived cultures. Each row depicts one electrode in a representative example well, with each tick representing one spike
(field potential) in a 150 s interval. This illustrates the degree and pattern of activity of the iCell® Glutaneuron monoculture (A), the iCell® Glutaneuron-iCell® neuron
co-culture (B), the iCell® Glutaneuron-Astrocyte co-culture (C) and the iCell® Glutaneuron-iCell® neuron-Astrocyte co-culture (D) at DIV7 (left), DIV14 (middle) and
DIV21 (right). The cumulative trace in the orange box above each raster plot depicts the population spike time histogram indicating the synchronized activity
between the different electrodes (network burst). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article).
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which can be recorded at the same time. Spontaneous network activity
was recorded at 37 °C without further climate control at DIV4, 7, 9, 11,
14, 16, 18 and 21 as described previously (de Groot et al., 2014;
Dingemans et al., 2016). Briefly, signals were recorded using a Maestro
768-channel amplifier with integrated heating system and temperature
controller and a data acquisition interface (Axion Biosystems Inc.,
Atlanta, GA, USA). Data acquisition was managed with Axion’s In-
tegrated Studio (AxIS version 2.4.2.13). MEA plates were allowed to
equilibrate for ∼5min prior to the 30min recording of spontaneous
activity. Raw data files were obtained by sampling the channels si-
multaneously with a gain of 1200x and a sampling frequency of
12.5 kHz/channel using a band-pass filter (200–5000 Hz).

To determine effects of test compounds on spontaneous activity
(spiking and bursting behavior) of the different hiPSC (co-)cultures,
activity was recorded at DIV21. Immediately after this baseline re-
cording, wells were exposed (dilution 1:10) to test compounds or the
appropriate solvent control (DMSO or EtOH) and activity was recorded
for another 30min. Stock solutions of endosulfan, MeHg and PTX were
diluted in supplemented BrainPhys culture medium to obtain the de-
sired concentrations. In all experiments the solvent concentration never
exceeded 0.1% v/v.

2.5. Data analysis and statistics

After recording spontaneous activity, raw files were re-recorded to
obtain Alpha Map files for further data analysis. During the re-re-
cording, spikes were detected using the AxIS spike detector (Adaptive
threshold crossing, Ada BandFIt v2) with a variable threshold spike
detector set at 7x standard deviation (SD) of internal noise level (rms)
on each electrode. The resulting spike count files were loaded into
NeuroExplorer 5.020 software (Nex Technologies, Madison, Wisconsin)

for further analysis. For all experiments, spike files were loaded in
Neural Metric (version 2.04, Axion Biosystems). Only active electrodes
(MSR≥ 6 spikes/min) in active wells (≥1 active electrode) were in-
cluded in the analysis. Mean burst rate (MBR) was extracted with the
Poisson Surprise method with a minimal surprise of 10 (Legéndy and
Salcman, 1985) and a minimum bursting frequency of 0.001 bursts/sec.
Network bursts were extracted using the adaptive threshold method.

For constructing developmental curves, the full 30min recordings
obtained at DIV4, 7, 9, 11, 14, 16, 18 and 21 were used for data ana-
lysis. Neural metric outputs were loaded in a custom-made Excel macro
to select only those electrodes that fit the activity criteria. Only wells
with a minimum of 2 bursting electrodes were used to calculate net-
work and synchronicity parameters. Percentages of spiking wells were
calculated compared to the number of plated wells, percentages of
bursting wells were calculated compared to the number of spiking
wells, and percentages of network bursting wells were calculated
compared to the number of bursting wells.

The effects of test compounds were determined in exposure ex-
periments at DIV21 in which the baseline activity prior to exposure was
compared to activity following exposure. To prevent inclusion of arti-
facts, a correction for the time it took to expose the wells was per-
formed. For example, if it took 3min to expose the mwMEA plate, the
first 3 min of the recording were not used for data analysis, only the
subsequent 30min.

For exposure experiments, a custom-made excel macro was used to
establish treatment ratios per well for the different metric parameters
(Table 2) by expressing the parameterexposure as a percentage change
compared to the parameterbaseline. Only those electrodes in a well that
fit the activity criteria during baseline recording were used to calculate
well averages. All electrodes defined as active in baseline recordings
were then used to calculate well averages during exposure. Next,

Fig. 4. Development of spontaneous neuronal activity and (network) bursting in different h-iPSC-derived neuronal (co-)cultures. A) Mean spike rate (MSR (Hz); solid
lines) and percentage of spiking wells (dashed lines) are depicted in for the iCell® Glutaneuron monoculture (black lines; n= 41–51, N=3) and iCell® Glutaneuron-
iCell® neuron co-culture (grey lines; n=34–41, N=4). B) Mean burst rate (MBR (Hz); solid lines) and percentage of bursting wells (dashed lines) are depicted for the
iCell® Glutaneuron monoculture (black lines; n=2–10, N=3) and iCell® Glutaneuron-iCell® neuron co-culture (grey lines; n= 14–29, N=4). C) Mean network
burst rate (MNBR (Hz); solid lines) and percentage of network bursting wells (dashed lines) are depicted for the iCell® Glutaneuron monoculture (black lines; n=2–3,
N=3) and iCell® Glutaneuron-iCell® neuron co-culture (grey lines; n= 2–14, N=4). Data are expressed as mean ± SEM from n wells and N cultures.
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treatment ratios were normalized to the appropriate vehicle control.
Outliers in control and effect data (defined as not within average± 2 x
SD) were excluded from further data analysis (2%). All data are pre-
sented as mean ± SEM from the number of wells (n, with a minimum
of 2 wells). SEM is used as statistical measure as it reflects the accuracy
of the reported value with respect to the “true mean” of the population
assessed, rather than providing a descriptive measure that reflects the
variability within the population such as the SD (Pleil, 2016), and for
easy comparability with published datasets (e.g. Alloisio et al., 2015;
Brown et al., 2016; Dingemans et al., 2016; Hogberg et al., 2011;
Strickland et al., 2016). A t-test was performed to determine significant
changes (p<0.05) in MSR or MBR compared to the vehicle control.

3. Results

3.1. Immunofluorescent stainings of the different human iPSC-derived
neuronal models

As a first characterization, the iCell® Glutaneuron monoculture was
cultured for up to 3 weeks and labelled with β(III)tubulin antibodies at
DIV21 to identify the presence of neurons and to visualize network
formation (Fig. 1A). To discriminate between subtypes of neurons in the
iCell® Glutaneuron-iCell® neuron co-culture, vesicular transporters of
glutamate (vGlut) and GABA (vGAT) were stained (Fig. 1B). This co-
culture shows a clear expression of vGlut and vGAT indicating the co-
existence of respectively excitatory and inhibitory neurons. Both cul-
tures show a pure neuronal phenotype. The heterogeneity of the culture
can be increased by co-culturing the neurons with astrocytes.

Co-cultures containing astrocytes were also cultured up to 3 weeks
and were labelled with S100β and β(III)tubulin antibodies at DIV7, 14
and 21 to identify the presence of respectively astrocytes and neurons

(Fig. 2A and B). Both models show network formation with a high
degree of complexity. Network density and complexity increases with
prolonged culture duration. In both models, neurons and astrocytes
distribute evenly to form mixed networks. Visual observation indicates
that the ratio astrocyte to neuron is stable during the entire culture
duration.

These results show that the different hiPSC-derived (co-)cultures all
consist of inhibitory GABAergic and excitatory glutamatergic neurons
and, when added, supporting astrocytes. The data also indicate that
neuronal networks are formed, suggesting that they could be suitable
for neurotoxicity screening.

3.2. Development of spontaneous electrical activity and bursting

In order to further test the applicability of our different hiPSC-de-
rived neuronal models for neurotoxicity screening, cells were cultured
for up to 21 days on mwMEAs. Development of spontaneous neuronal
network activity and bursting behavior over time were assessed. The
spontaneous electrical activity at DIV7, 14 and 21 is depicted in spike
raster plots (Fig. 3). The plots show that all models develop sponta-
neous neuronal activity, although the pattern of activity differs strongly
between the models. Models without astrocytes (Fig. 3A and B) do not
show synchronicity, whereas models with astrocytes synchronize their
activity with prolonged culture duration (Fig. 3C and D). All tested
models develop bursting, but the amount of bursts differs per culture.
The iCell® Glutaneuron monoculture and iCell® Glutaneuron-iCell®

neuron co-culture show few bursting electrodes (Fig. 3A and B), in
contrast to the co-cultures containing astrocytes where almost all active
electrodes show bursting (Fig. 3C and D).

In all tested cultures the mean spike rate (MSR) is relatively stable
over time (Figs. 4A and 5A). Addition of the more inhibitory iCell®

Fig. 5. Development of spontaneous neuronal activity and (network) bursting in different hiPSC-derived neuronal co-cultures with astrocytes. A) Mean spike rate
(MSR (Hz); solid lines) and percentage of spiking wells (dashed lines) are depicted for the iCell® Glutaneuron-Astrocyte co-culture (black lines; n= 43–72, N=4) and
iCell® Glutaneuron-iCell® neuron-Astrocyte co-culture (grey lines; n= 34–41, N=4). B) Mean burst rate (MBR (Hz); solid lines) and percentage of bursting wells
(dashed lines) are depicted for the iCell® Glutaneuron-Astrocyte co-culture (black lines; n= 2–38, N=4) and iCell® Glutaneuron-iCell® neuron-Astrocyte co-culture
(grey lines; n=4–37, N=5). C) Mean network burst rate (MNBR (Hz); solid lines) and percentage of network bursting wells (dashed lines) are depicted for the iCell®

Glutaneuron-Astrocyte co-culture (black lines; n= 2–27, N=4) and iCell® Glutaneuron-iCell® neuron-Astrocyte co-culture (grey lines; n= 6–18, N=5). Data are
expressed as mean ± SEM from n wells and N cultures.
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neurons to iCell® Glutaneurons has limited effect on MSR or the per-
centage of active wells (Fig. 4A). Similarly, addition of astrocytes to
iCell® Glutaneurons or to a co-culture of iCell® Glutaneurons and iCell®

neurons (Fig. 5A) has limited effects on spike rates. However, addition
of astrocytes does increase the percentage of active wells.

In the absence of astrocytes, the mean burst rate (MBR) is limited
and relatively stable over time (Fig. 4B). Addition of astrocytes in-
creases both the MBR and the percentage of bursting wells in a time-
dependent manner (Fig. 5B). While the iCell® Glutaneuron-Astrocyte co-
culture shows a higher percentage of bursting wells than the iCell®

Glutaneuron-iCell® neuron-Astrocyte co-culture, both models show an
optimal window for MBR and percentage bursting wells around DIV16-
21.

The onset of network bursts also shows some time-dependence, with
an increase of the mean network burst rate (MNBR) after 1–2 weeks in
culture (Figs. 4C/5C). In the absence of astrocytes, both the MNBR and
the percentage of wells with network bursts are limited. Addition of
astrocytes to the iCell® Glutaneuron and iCell® Glutaneuron-iCell®

neuron co-culture has only a limited effect on MNBR, but clearly in-
creases the percentage of wells with network bursts later in culture,
with an optimal window for MBR and percentage bursting wells around
DIV16-21 (Fig. 5C).

Further analysis of different parameters for neuronal activity high-
lights additional differences between our models. Addition of astrocytes
decreases burst duration, but increases network burst duration
(Fig. 6A). The inter-burst interval (IBI) decreases in the cultures con-
taining astrocytes (Fig. 6B solid line), whereas the IBI coefficient of
variation is comparable at the end of culture time for all models (Fig. 6B
dashed line). At the peak of the activity of all models (DIV16-18), the
number of spikes in a burst is higher in the cultures without astrocytes
(Fig. 6C solid line). However, at this time the percentage of spikes that
occur in a burst is higher in the astrocyte containing cultures (Fig. 6C
dashed line). In regard to the number of spikes per network burst and
the percentage of spikes in a network burst, the models behave com-
parable except for the onset of network bursting (Fig. 6D). Astrocyte
containing co-cultures show higher synchrony as indicated by the area

Fig. 6. Development of spike and (network) burst activity and synchronicity of the different hiPSC-derived neuronal models. A) Burst duration (s) and network burst
duration (s). B) Inter-burst interval (IBI; (s)) and IBI coefficient of variation. C) Number of spikes/burst and percentage of spikes in burst. D) Number of spikes/
network burst and percentage of spikes in network burst. E) Area under normalized cross correlation and full width at half height (FWHH). Solid lines match the left
y-axis, whereas dashed lines match the right y-axis. Data of the iCell® Glutaneuron monoculture are depicted in black, of the iCell® Glutaneuron-iCell® neuron co-
culture in grey, of the iCell® Glutaneuron-Astrocyte co-culture in blue, and of the iCell® Glutaneuron-iCell® neuron-Astrocyte co-culture in green. Data are expressed as
mean; for SEM, n and N see Table S1 in the supplemental data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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under normalized cross correlation (Fig. 6E solid line), which is con-
firmed by the lower full width at half height (FWHH, Fig. 6E dashed
line).

3.3. Preliminary neurotoxicity assessment

Although all models develop spontaneous neuronal activity and
(network) bursting, a culture with astrocytes increase synchronicity
(see above), mimics the in vivo brain more closely and thus has a clear
advantage for neurotoxicity screening. Therefore, we used the neuronal
co-cultures with astrocytes for a preliminary neurotoxicity assessment
(Fig. 7A–C).

PTX (10 μM), a widely used seizurogenic reference compound,
shows limited effects on MSR in both models following acute exposure.
However, PTX induces a decrease in MBR in the iCell® Glutaneuron-
Astrocyte co-culture, whereas it significantly increases MBR in the

iCell® Glutaneuron-iCell® neuron-Astrocyte co-culture (Fig. 7A). The
neurotoxic insecticide endosulfan (1 μM), a GABAA receptor antagonist,
has limited effects on the MSR in the iCell® Glutaneuron-Astrocyte co-
culture, whereas it increases the MBR of this model. On the other hand,
endosulfan exposure significantly reduces MSR in the iCell® Gluta-
neuron-iCell® neuron-Astrocyte co-culture, but shows no increase in
MBR (Fig. 7B). Finally, the known neurotoxicant MeHg (30 μM) has no
major effects on MSR for both models (Fig. 7C). MBR is reduced in both
models, although significance is reached only for the iCell® Gluta-
neuron-Astrocyte co-culture.

The difference in chemical sensitivity between the iCell®

Glutaneuron-Astrocyte co-culture and the iCell® Glutaneuron-iCell®

neuron-Astrocyte co-culture is already apparent from the changes in
MSR and MBR. Inclusion of additional metric parameters in a heat map
further illustrates these distinctions (Fig. 8).

PTX affects both models differently; where most parameters show a
decrease in the iCell® Glutaneuron-Astrocyte co-culture, an increase is
visible in the iCell® Glutaneuron-iCell® neuron-Astrocyte co-culture.
Similarly, endosulfan changes most of the metric parameters for both
co-cultures. Some parameters increase in both models, such as network
burst frequency, whereas for most burst-related parameters an opposite
effect is seen. Finally, MeHg show a signature that is distinct from those
of PTX and endosulfan, although the differences between the two tested
co-cultures are less pronounced for MeHg. Overall, these neurotoxicity
assessment metrics show that considerable differences exist between
both models with respect to chemical sensitivity.

4. Discussion

Our immunocytochemistry data demonstrate the homogeneous
neuronal nature of the iCell® Glutaneuron monoculture and iCell®

Glutaneuron-iCell® co-culture (Fig. 1). Despite the absence of suppor-
tive cells, such as astrocytes, these cultures develop into neuronal
networks that over time become spontaneously active (Figs. 3 and 4).
These cultures already show neuronal activity and bursting as early as
DIV4, which remains fairly stable over time (DIV21; Fig. 4A and B). The
development of network burst activity, however, shows a time-depen-
dence with an increase after ∼2 weeks of culture (Fig. 4C).

Since it is known that astrocytes play an important role in network
formation, maturation function (Clarke and Barres, 2013) and pro-
tecting neurons from chemical-induced neurotoxicity (Takemoto et al.,
2015; Wu et al., 2017), we added astrocytes to our models to more
closely resemble the in vivo brain. The co-cultures containing astrocytes
are more heterogeneous (Fig. 2) and the complexity of the networks
increases. Our mwMEA recordings show that co-cultures containing
astrocytes, comparable with pure neuronal models, develop sponta-
neous neuronal activity as early as DIV4, with increased bursting be-
havior following prolonged culture (DIV14-21; Figs. 3–5). The iCell®

Glutaneuron-iCell® neuron-Astrocyte co-culture shows less active
bursting wells than the iCell® Glutaneuron-Astrocyte co-culture, al-
though the MSR and MBR are comparable between both cultures
(Fig. 5). While the MNBR and the number of spikes in a network burst
(Fig. 6D) are comparable between both astrocyte co-culture models, the
percentage of wells exhibiting network bursts was highest in the iCell®

Glutaneuron-Astrocyte co-culture. Importantly, addition of astrocytes
causes our astrocyte co-culture models to fire in a more synchronized
manner. This increase in (synchronized) bursting activity by addition of
astrocytes is in line with earlier findings (Amiri et al., 2013; Ishii et al.,
2017; Kuijlaars et al., 2016). Such synchronized firing is thought to be
an important feature for neuronal networks since it is has been sug-
gested to be involved in cognitive and sensory processes (Engel et al.,
2001; Ward, 2003). Overall, both our astrocyte co-cultures show a
development comparable to that described for rat primary cortical
neurons (Brown et al., 2016), with increasing MSR, MBR and number of
spikes in network bursts during development (Figs. 5 and 6).

As the two astrocyte co-culture models show a stable MSR, with a

Fig. 7. Toxicological modulation of spontaneous activity and bursting of iCell®

Glutaneuron-Astrocyte co-culture and iCell® Glutaneuron-iCell® neuron-
Astrocyte co-culture. Cultures were exposed at DIV21 to PTX (10 μM; A), en-
dosulfan (1 μM; B) or MeHg (30 μM; C). Data are expressed in MSR or MBR as %
of control; mean ± SEM from n=5–15, N=4 (A), n=3–10, N=2 (B) and
n= 3–9, N=2 (C); * p<0.05.
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clear optimum for bursting activity, network burst activity and syn-
chronized firing at DIV14-21, we used these two models to perform a
preliminary neurotoxicity assessment at DIV21. Because we want our
models to be able to detect seizures we choose two compounds for our
preliminary neurotoxicity assessment that reportedly increase neuronal
activity: PTX and endosulfan. The seizurogenic GABA receptor an-
tagonists PTX causes an concentration-dependent increase in MSR in rat
primary cortical cultures (Mack et al., 2014; Tukker et al., un-
published). However, exposure of the iCell® Glutaneuron-Astrocyte co-
culture to PTX was without major effects on MSR and MBR (Fig. 7).
Similarly, exposure of the iCell® Glutaneuron-Astrocyte co-culture to
endosulfan is without major effects on MSR and MBR, whereas it causes
a profound increase in MSR in rat primary cortical cultures (Dingemans
et al., 2016). This apparent lack of chemosensitivity of the iCell® Glu-
taneuron-Astrocyte co-culture could be a result of the high fraction of
excitatory neurons, which results in a relatively high MSR and MBR that
is not easily increased further following exposure to seizurogenic
compounds. Alternatively, the apparent lack of chemosensitivity in the
iCell® Glutaneuron-Astrocyte co-culture could be a direct result of the
sparsity of GABAergic receptors, which may act as a specific target for
PTX and endosulfan.

In line with these suggestions, the iCell® Glutaneuron-iCell® neuron-
Astrocyte co-culture has a lower MBR than the iCell® Glutaneuron-
Astrocyte co-culture, which is likely due to the larger fraction of in-
hibitory GABAergic neurons. Notably, exposure of the iCell®

Glutaneuron-iCell® neuron-Astrocyte co-culture to PTX does result in an

apparent increase in MBR, but without effect on MSR. Endosulfan
lowers MSR, without affecting the MBR. These findings suggest that the
effects of PTX and endosulfan may be distinguished by taking other
metric parameters into account. Our heat map (Fig. 8) shows that in-
deed other parameters such as burst percentage, network burst duration
and network burst percentage are affected in a stronger manner. Im-
portantly, the chemosensitivity towards GABA receptor antagonists or
seizurogenic compounds in general may thus critically depend on the
fraction of inhibitory neurons in the network and/or the degree of ex-
citability prior to exposure. This would also explain some of the dis-
crepancies reported earlier, e.g. Kuijlaars et al. (2016) report a decrease
in bursting frequency on their iPSC-derived model following exposure
to PTX.

While the iCell® Glutaneuron-iCell® neuron-Astrocyte co-culture is
more sensitive to PTX and endosulfan than the iCell® Glutaneuron-
Astrocyte co-culture, the latter is more responsive to MeHg. In rat pri-
mary cortical cultures, exposure to MeHg results in a profound decrease
of MSR (Dingemans et al., 2016). At the concentrations chosen and
limited exposure time (30min) it is unlikely that the reported effects
are confounded by acute cytotoxicity. This notion is further strength-
ened by the absence of cytotoxicity in rat primary cortical cultures
(Dingemans et al., 2016; Tukker et al., unpublished; Yuan and Atchison,
2007; Yuan et al., 2005). Exposure of the iCell® Glutaneuron-Astrocyte
co-culture to MeHg also causes a clear decrease in MBR, but is without
effect in the iCell® Glutaneuron-iCell® neuron-Astrocyte co-culture.
Since MeHg is expected to decrease neuronal activity, it is possible that

Fig. 8. Heat map of the effects of PTX, endosulfan and MeHg on selected metric parameters on iCell® Glutaneuron-Astrocyte co-cultures and iCell® Glutaneuron-iCell®

neuron-Astrocyte co-cultures. Values in cells are means, expressed as % of control from n=3–15; N=2-4. Color scaling is based on the magnitude of the % of
change relative to control. For empty cells no average could be calculated.
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culture models with a relatively high MSR and MBR are more sensitive
towards neurotoxicants that reduce activity, contrary to the chemo-
sensitivity towards seizurogenic compounds which seems to be higher
in cultures with less excitation.

When the toxicity heat map data reported here (Fig. 8) is compared
to published primary rat cortical data, we find that our iCell® Gluta-
neuron-Astrocyte co-culture exposed to PTX exhibits a similar pattern
(Bradley et al., 2018). Network burst duration, number of spikes per
network burst, and burst duration all show an increase as compared to
control, whereas the full width at half height shows a decrease. The PTX
heat map of our iCell Glutaneuron–iCell neuron–Astrocyte co-culture
model also matches with Bradley et al. (2018). Number of spikes per
burst and median burst duration both show a decrease and the inter
burst interval shows a decrease. However, the heat map pattern is
clearly concentration-dependent (Bradley et al., 2018), which may also
explain why our endosulfan heat map does not match their pattern.

In conclusion, we show that the commercially available hiPSC-de-
rived models investigated in this study all form neuronal networks
consisting of inhibitory GABAergic and excitatory glutamatergic neu-
rons. These networks develop spontaneous neuronal activity and
bursting. Addition of astrocytes to the cultures changes the activity
pattern resulting in synchronized activity of the network. Despite the
limited test set of compounds, our data already show that these models
exert different responses following exposure to seizurogenic compounds
and neurotoxicants. Our preliminary neurotoxicity assessment indicates
that the sensitivity of hiPSC-derived neuronal models depends on the
ratio of GABAergic and glutamatergic neurons, either because this af-
fects the intrinsic degree of neuronal activity (MSR/MBR) or because it
changes the degree of available target cells (GABA/glutamate re-
ceptors). Further characterization and toxicological validation of the
different co-cultures models available are thus urgently needed. While
currently hampered by the expense of hiPSCs, such validation should
involve a more extensive set of reference compounds (including addi-
tional positive and negative controls that cover different modes of ac-
tion) at multiple concentrations. Nevertheless, our preliminary data
already provide a proof-of-principle for the usability of hiPSC-derived
neuronal co-culture models for neurotoxicological screening in the
mwMEA. A breakthrough of these hiPSC-derived neuronal models may
enable animal-free neurotoxicity testing in the future, but may at pre-
sent already be used as a prioritization tool prior to in vivo studies.
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