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A B S T R A C T

Microelectrode array (MEA) technology in combination with three-dimensional (3D) neuronal cell models de-
rived from human embryonic stem cells (hESC) provide an excellent tool for neurotoxicity screening. Yet, there
are significant challenges in terms of data processing and analysis, since neuronal signals have very small am-
plitudes and the 3D structure enhances the level of background noise. Thus, neuronal signal analysis requires the
application of highly sophisticated algorithms. In this study, we present a new approach optimized for the
detection of spikes recorded from 3D neurospheres (NS) with a very low signal-to-noise ratio. This was achieved
by extending simple threshold-based spike detection utilizing a highly sensitive algorithm named SWTTEO. This
analysis procedure was applied to data obtained from hESC-derived NS grown on MEA chips. Specifically, we
examined changes in the activity pattern occurring within the first ten days of electrical activity. We further
analyzed the response of NS to the GABA receptor antagonist bicuculline. With this new algorithm method we
obtained more reliable results compared to the simple threshold-based spike detection.

1. Introduction

The cultivation of neuronal cells on microelectrode array (MEA)
chips is an established method to investigate neuronal network com-
munication (Ben-Ari, 2001; Pine, 1980; Wagenaar et al., 2006). MEA
chips have been widely used to characterize the spontaneous
(Chiappalone et al., 2006; Mazzoni et al., 2007) and the evoked activity
of neuronal networks (Brewer et al., 2009; Wagenaar et al., 2005) and
emerge as an important tool for neurotoxicity screening (Johnstone
et al., 2010).

Although in vivo and in vitro animal models have contributed much
to our knowledge about neuronal network communication their use in
predicting the effect of neuroactive substances is limited. Past experi-
ence showed that several substances are teratogenic in animal models
but not in humans (e.g. aspirin (Klein et al., 1981)) and vice versa (e.g.
thalidomide (Lepper et al., 2006)). For this reason, human cell models
are highly desirable for toxicological studies. For a long time, the
constraining factor has been the availability of suitable in vitro systems.
However, due to the progress in stem cell research, human embryonic
stem cells (hESC) have the capability of unlimited proliferation in vitro

without losing their potential to differentiate into derivatives of all
three germ layers (Thomson et al., 1998) under appropriate growth
conditions. Further, it was shown that neural differentiation of hESC
faithfully recapitulate early developmental processes in vivo (Colleoni
et al., 2011; Zimmer et al., 2012), making them highly suitable as an in
vitro model to assess developmental neurotoxicity.

However, also limitations of 2D culture systems become increas-
ingly apparent. Cells in a living organism are organized in a three-di-
mensional (3D) architecture that is not reflected in 2D cell models,
resulting in misleading and non-predictive data for in vivo responses
(e.g. reaction after exposure to the anti-cancer drug paclitaxel (Loessner
et al., 2010)). Furthermore, an increasing number of studies demon-
strate that 3D in vitro or in vivo systems differ from monolayer networks
with respect to proliferation (Hindie et al., 2006), differentiation
(Willerth et al., 2006), morphology (Weaver et al., 1997) and gene
expression (Birgersdotter et al., 2005). Consequently, electro-
physiological properties of cells grown in traditional 2D culture differ
from those grown in 3D aggregates. These differences are not restricted
to the cells in the depth of 3D aggregates; also cells of the outer surface
show a different electrophysiological activity than 2D cultures as
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reported by Frega et al. (2014) using MEA chips with plane electrodes.
Neuronal 3D cultures derived from hESC grown on MEA chips are

an ideal tool to study developmental neurotoxicity as mentioned above.
Yet, there are significant challenges in terms of data processing and
analysis. For example, the number of cells within the detection range of
a single electrode is much higher than in 2D cell models leading to a
significantly increased number of recorded signals and an enhanced
level of background noise. Furthermore, electrical signals from ESC-
derived neuronal cultures have very small amplitudes that hardly ex-
ceed values of 50 µV (Heikkila et al., 2009). Thus, the signal analysis
requires the application of highly sophisticated algorithms. Spike de-
tection is typically accomplished by threshold-based algorithms, de-
fined by a multiple of noise´s standard deviation (Nick et al., 2013),
where threshold calculation factors (TCF) of ≥ 5 were found in the
literature. However, for the detection of signals with small amplitudes
far below this threshold this approach is inadequate.

In this study, we present a novel approach for the detection of sig-
nals with small amplitudes allowing a profound reduction in the
number of false positive signals. This approach is based on a new spike
detection algorithm named stationary wavelet transform based teager
energy operator (SWTTEO) (Lieb et al., 2017). Recent work demon-
strated already the superior performance of SWTTEO in a very low
signal-to-noise environment compared to other commonly used algo-
rithms by using simulated data (Lieb et al., 2017). Yet, sole application
of SWTTEO for experimental data is not applicable since the absolute
number of spikes in the data set is required (as given for simulated
data). To utilize SWTTEO for experimental data, it was combined with
simple threshold-based spike detection and applied for the first time to
experimental data obtained from hESC-derived 3D neurospheres (NS)
grown on MEA chips. Specifically, we examined changes in the activity
pattern occurring within the first ten days of electrical activity. We
further analyzed the response of NS to the γ-aminobutyric acid (GABA)
receptor antagonist bicuculline.

Fig. 1. Generation of hESC-derived NS. hESC were cultured on Geltrex (A). Immunofluorescence staining confirmed the presence of OCT4 (green) and SOX2 (red) in hESC cultures (B).
Differentiation of hESC to NSC was efficiently performed within seven days as reflected in altered cell morphology (C). Immunostaining confirmed that NSC were positive for Nestin
(green) and SOX2 (red) (D). Subsequently, NSC were enzymatically dissociated and cultured in suspension yielding NS (E). When transferred to a coverslip (or a MEA) NS attached and
cells migrated radially out. Outgrowing cells were positive for the protein β-tubulinIII indicative of a neuronal phenotype (red) (F). Nuclei were generally counterstained with Hoechst
(blue). Scale bar = 50 µm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. The combination of a simple threshold detection with the SWTTEO algo-
rithm lead to more reliable results. A typical neuronal measurement recorded by a
single electrode. Spikes are marked with a green triangle and bursts with a yellow one
(A). Data analysis is accomplished by using both, the simple threshold detection and the
SWTTEO algorithm using a TCF of 4,5. Signals detected only by the threshold were
marked with a red X (B). Signals that were detected by both algorithms were tagged with
a square and an X (C). Only these signals are considered as spikes, marked with a green
arrow. Compared with only threshold-based spike detection (blue line), the combination
with SWTTEO (red line) resulted in a reduced number of detected signals using TCF<6
(D). (For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)
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