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Abstract: Levetiracetam (LEV) is a broad-spectrum and widely used antiepileptic drug that also
has neuroprotective effects in different neurological conditions. Given its complex interaction
with neuronal physiology, a better comprehension of LEV effects on neurons activity is needed.
Microelectrode arrays (MEAs) represent an advanced technology for the non-invasive study of
electrophysiological activity of neuronal cell cultures. In this study, we exploited the Maestro Edge
MEA system, a platform that allows a deep analysis of the electrical network behavior, to study
the electrophysiological effect of LEV on a mixed population of human neurons (glutamatergic,
GABAergic and dopaminergic neurons, and astrocytes). We found that LEV significantly affected
different variables such as spiking, single-electrode bursting, and network bursting activity, with
a pronounced effect after 15 min. Moreover, neuronal cell culture completely rescued its baseline
activity after 24 h without LEV. In summary, MEA technology confirmed its high sensitivity in
detecting drug-induced electrophysiological modifications. Moreover, our results allow one to extend
the knowledge on the electrophysiological effects of LEV on the complex neuronal population that
resembles the human cortex.
Keywords: microelectrode array; biosensors; real-time monitoring; iPSC-derived neurons; drug
screening; Levetiracetam; electrophysiology
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1. Introduction
Levetiracetam (LEV) is a second-generation, broad-spectrum antiepileptic, generally
prescribed for the treatment of myoclonic, partial, and primary generalized tonic-clonic
seizures [1,2]. Currently, little is known about the mechanisms through which LEV exerts its
anti-epileptic action [3]; they seem to include the binding to the synaptic vesicle protein 2A
(SV2A) with the consequent modification of glutamate and GABA release [4]; the inhibition
of N-type Ca2+ channels and of the Ca2+ release from intracellular stores; the inhibition
of excessive synchronized activity between neurons [5]. LEV also plays a protective role
in different conditions. For example, LEV promotes neuroprotection of motor neurons in
humans (h) iPSCs-Derived Spinal Muscular Atrophy Model [6] and protects rat brain cells
from the excitotoxic effect of quinolinic acid [7]. Thus, more studies investigating complex
electrophysiological behavior in neurons in response to LEV administration are needed to
gain further insights into this drug.
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Microelectrode arrays (MEAs) are non-invasive biosensors that can reliably detect
the electrophysiological spontaneous activity of thousands of neurons [8]. MEAs consist
of a high number of electrodes that can be of different materials (e.g., gold, poly(3,4ethylenedioxythiophene) polystyrene sulfonate—PEDOT) [9] usually implanted at the
base of tissue culture wells that allows to record (and eventually stimulate) the activity
of cells capable to generate electrical signals (e.g., neurons, cardiomyocytes) [10–12] in a
label-free manner and in real-time. In neuronal cell culture, MEAs allow one to record the
Extracellular Action Potentials (EAP, also called spikes) [10,13]. In addition to the spike rate
and timing, last-generation MEAs can also provide higher-level analysis, recording singleelectrode bursting and network bursting activity [14]. These features provide important
information regarding the electrophysiological activity and connectivity inside the neuronal
cell culture [15]. In addition, MEAs can reveal EAP waveforms, a measure that reflects
extracellular voltage fields produced by a neuron’s internal action potentials [16,17]. EAP
waveform analysis is an interesting tool to consider since it was seen that pharmacological
treatment can alter its amplitude and waveform [8,18], and different neuron types can also
produce different waveforms [16].
hiPSCs-derived neurons represent a valid model for the in vitro assessment of electrophysiological behavior in response to specific drugs [19]; in particular, iPSCs-derived
cortical glutamatergic neurons mimic the activity pattern of in vivo models [20–22] especially when co-cultured with astrocytes, which increase their maturation efficiency and
enhance their spontaneous activity [10]. More recently, it was seen that co-cultures of different human central nervous system (CNS) cells (glutamatergic, GABAergic, dopaminergic
neurons, and astrocytes), allow the formation of physiologically relevant neural networks
and recapitulate the interplay between excitatory and inhibitory neurons, representing
an optimal neurobiological model for basal electrophysiology analysis, disease models
and drug screening [23]. Therefore, the use of MEAs technology on this mixed hiPSCsderived neuronal cell population represents the gold standard method to evaluate complex
electrophysiological activity in vitro.
To date, different studies investigated the effect of antiepileptic drugs using MEAs [10,24].
However, no studies have investigated the LEV effect during an extended time course on
a mixed population of human neuronal cells. Thus, the present study aimed to perform
a comprehensive analysis of the electrophysiological response (spiking, single-electrode
bursting, and network bursting) to LEV on the neural networks, to extend the knowledge
about the electrophysiological effects of this drug.
2. Materials and Methods
2.1. Cell Culture
hiPSC-derived hCNS cells (glutamatergic, GABAergic and dopaminergic neurons,
and astrocytes), were obtained from Ncardia (Ncyte CNS Neuron Kit II, Ncardia). After
thawing, cells were cultured in Complete Ncyte CNS Medium (Ncyte Neuronal Basal
Medium completed with Neural supplement, all from Ncardia) following the manufacture’s suggestions. The mixed population consisted approximately of 30% GABAergic, 30%
glutamatergic, 10% dopaminergic neurons, and 10% astrocytes. The electrical activity of
the hCNS cells was monitored weekly. After about 1 month of culture, hCNS Neuron Cells
showed synchronous electrical activity patterns along with regular occurrence of sharp
network bursts.
2.2. MEA Plates Coating, and Seeding of Ncyte CNS Cells
For the MEA study, cells were cultured on a 24-Well CytoView MEA plate (M384tMEA-24W, Axion Biosystem, Atlanta, GA, USA). This kind of MEA plate ensures highquality signals delivered by poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT) microelectrode. In Figure 1, both the cell culture on the recording electrodes and
a schematic figure of the 24-Well CytoView MEA plate are shown. Before cell seeding,
plates were precoated with CNS plate coating solution (Ncardia) and Poli-ethyleneimine
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quality signals delivered by poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT) microelectrode. In Figure 1, both the cell culture on the recording electrodes and a
schematic figure of the 24-Well CytoView MEA plate are shown. Before cell seeding,
plates were precoated with CNS plate coating solution (Ncardia) and Poli-ethyleneimine
50% (w/w) (P3143, Sigma-Aldrich) at 0.1% for 30 min and then with Laminin (L2020,
3 of 13
Sigma-Aldrich) 80 µ g/mL in PBS with Ca2+/Mg2+, for 1 h.
After coating, 5 × 104 cells in 5 µ L of complete medium were seeded just on top of the
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2.3. LEV Treatment, MEA Recordings,
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Neural activity was recorded and analyzed by Maestro Edge MEA (Axion Biosystems) equipped with Axion Integrated Studio (AxIs) Navigator 3.2.3.1 software (Axion
Biosystems). Briefly, to record spontaneous neuronal activity we selected the Neural
Real-Time module. The spiking activity was defined applying an Adaptive Threshold
Crossing method, that sets the threshold for the spike detection to 6× Std Dev of the noise.
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This recommended threshold is optimal to minimize both false-positive and missed spike
detections. The sampling frequency for spikes detection was 12.5 kHz.
To detect single-electrode bursting activity, an Inter-Spike Interval (ISI) Threshold was
used, setting the minimum number of spikes at 5 and the maximum ISI at 100 ms. The
network bursting activity was analyzed by the Neural Metric Tool (Axion Biosystems). For
this purpose, the Envelope algorithm was selected using the following settings: Threshold
Factor = 1.25; Min IBI = 100 ms; Min Electrodes = 35%; Burst Inclusion = 75%. When
needed, settings were adjusted based on the actual precision of the detection. All metrics
were exported as .csv and data were imported in GraphPad PRISM 9.2 to perform statistical
analysis.
2.4. Analyzed Variables
Regarding spiking of neuronal cell culture, the investigated variables were the number
of spikes and the coefficient of variation of the inter-spike interval (ISI coefficient of
variation). The number of spikes refers to the total number of spikes recorded during
the analysis. The ISI coefficient of variation is a measure of spike regularity since it
expresses the coefficient of variation of the time interspersed between spikes.
Relative to single-electrode burst, number of bursts, burst duration, number of spikes
per burst, mean ISI within burst, coefficient of variation of inter-burst interval (IBI coefficient of variation), and burst percentage were analyzed. Briefly, the number of bursts
indicates the total number of single-electrode bursts over the duration of the entire recording window. The burst duration is the average time (expressed in seconds) from the first to
the last spike in a single-electrode burst. The number of spikes per burst reflects the average
number of spikes in a single-electrode burst. Mean ISI within burst describes the average
time between spikes, for spikes within a single-electrode burst; the smaller the value, the
more intense the burst. The IBI coefficient of variation is a measure of single-electrode
burst regularity. Finally, burst percentage is the number of spikes in a single-electrode burst
divided by the total number of spikes, multiplied by 100: so, burst percentage describes
how many spikes form the bursts and, consequently, how many spikes do not.
Regarding network bursting behavior, the number of network bursts, number of
spikes per network burst, and mean ISI within network burst were analyzed. A network
burst represents a coordinated cluster of spiking across multiple electrodes. The number of
network bursts describes how many network bursts are formed during the entire analysis.
The number of spikes per network burst indicates the average number of spikes occurring
within a network burst, and the mean ISI within a network burst reflects the average time
interspersed between spikes in a network burst.
2.5. Statistical Analysis
The analysis of variance (ANOVA) was used to check statistical significance differences
between the time points. The eta-squared (η 2 ) was used to describe the effect size of
the differences. Statistically significant results underwent a post-hoc Dunnett’s multiple
comparison test to check where the difference occurred, compared to a baseline recording.
Tukey post-hoc was used to evaluate the differences in spike amplitude. All data are
presented as mean ± standard error of the mean (SEM). Results were considered statistically
significant when p < 0.05. All statistical analyses were performed with GraphPad PRISM
9.2.
3. Results
To provide an in-depth report of the neuronal activity both during and after the
treatment with LEV, we analyzed the spiking, which describes the number and regularity of
action potentials occurrence; the single-electrode bursting, which defines the occurrence of
bursts (i.e., a cluster of spikes); the network bursting which encompasses several variables
related to the network bursts, which are coordinated clusters of spiking across multiple

tivities, and the evaluation of multiple extracellular spikes amplitude were also performed.
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LEV addition to the cell culture-induced important modifications of the neuronal activity. We found that the number of spikes (Figure 2a) was different among the time points
(p < 0.001, 𝜂2 = 0.69). Compared to the baseline, lower number of spikes were registered
electrodes. A qualitative analysis of single-electrode bursting, network bursting activities,
after 6 min (p = 0.03), 9 min (p = 0.003), 12 min (p = 0.001), with the lowest number of spikes
and the evaluation of multiple extracellular spikes amplitude were also performed.
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activity
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the cell sensitivity to medium replacement, as seen in previous recordings (data not
The number of bursts (Figure 3a) was different among the time points (p < 0.001,
η 2 = 0.726). Compared to baseline, LEV lowered the number of bursts at 15 min (p = 0.04)
and 18 min (p = 0.04). On the contrary, number of bursts were higher after replacing the
medium, at 1 h (p < 0.001), 1.5 h (p = 0.008), 2 h (p = 0.005), 2.5 h (p = 0.004), and 3 h
(p = 0.003). However, this sudden increasing in single-electrode bursting activity was
likely due to the cell sensitivity to medium replacement, as seen in previous recordings
(data not shown). Differences were also found for burst duration (p < 0.001, η 2 = 0.418,
Figure 3b), number of spikes per burst (p = 0.001, η 2 = 0.521, Figure 3c), mean ISI within
burst (p = 0.006, η 2 = 0.471, Figure 3d), IBI coefficient of variation (p < 0.001, η 2 = 0.654,
Figure 3e), and burst percentage (p < 0.001, η 2 = 0.669, Figure 3f).

On the other hand, the IBI coefficient of variation was significantly lower at 12 min
(p = 0.021), 15 min (p = 0.01), and 18 min (p = 0.045) when cells were treated with LEV. At
1 h, the IBI coefficient of variation was still significantly lower (p = 0.007) while began to
return close to baseline values from 1.5 h to 24 h.
Finally, burst percentage started to significantly decrease at 6 min (p = 0.023). The
6 of 13
percentage continued to be statistically reduced at 9 min (p < 0.001), 12 min (p < 0.001),
15
min (p < 0.001) and 18 min (p < 0.001), with 15 min representing the lower value.
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3 min up to 18 min; then, cell medium was replaced to remove LEV and cell activity was monitored every 30 min up to 3 h
and finally, one recording was performed at 24 h. The cultures were kept at 37 °C
under a 5% CO2 atmosphere during the
and finally, one recording was performed at 24 h. The cultures were kept at 37 ◦ C under a 5% CO2 atmosphere during the
recordings. Data are expressed as mean ± SEM of four independent experiments. All comparisons are performed vs. the
baseline. * p < 0.05; ** p < 0.01; *** p < 0.001.

Burst duration was lower at 9 min (p = 0.002), 12 min (p < 0.001), and 15 min (p < 0.001)
during treatment with LEV. Also, after medium replacement, the duration was lower than
baseline recording, although the values showed an increasing trend until 24 h when the
value returned to baseline.
Compared to baseline, also the number of spikes per burst showed lower values at
9 min (p = 0.003), 12 min (p = 0.003), and 15 min (p = 0.002) of treatment and at 1 h (p = 0.001),
1.5 h (p = 0.004), 2 h (p = 0.007), 2.5 h (p = 0.009) and 3 h (p = 0.01) after medium replacement.
Accordingly, the mean ISI within burst showed an increasing trend during the treatment. At 6 min (p = 0.038), 9 min (p = 0.022) and 12 min (p = 0.01), values were higher than
baseline, and the higher value was detected at 15 min of treatment (p < 0.001). At 1 h, this
metric was significantly higher (p = 0.047), while decreasing toward baseline levels from
1.5 h to 24 h.
On the other hand, the IBI coefficient of variation was significantly lower at 12 min
(p = 0.021), 15 min (p = 0.01), and 18 min (p = 0.045) when cells were treated with LEV. At
1 h, the IBI coefficient of variation was still significantly lower (p = 0.007) while began to
return close to baseline values from 1.5 h to 24 h.
Finally, burst percentage started to significantly decrease at 6 min (p = 0.023). The
percentage continued to be statistically reduced at 9 min (p < 0.001), 12 min (p < 0.001),
15 min (p < 0.001) and 18 min (p < 0.001), with 15 min representing the lower value.
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(a)

Differences for number of network bursts were found at 15 min (p = 0.003), 18 min (p
= 0.043), and 1 h (p = 0.008), where they were lower than baseline recording. At 1.5 h, when
the cells were in Complete Ncyte CNS Medium, the number of network bursts began to
increase and the higher value was found at 2.5 h (p = 0.043), after which it started to decrease, and at 24 h, it returned comparable to baseline.
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The number of spikes per network burst was considerably decreased by LEV compared to control. During the treatment, values were lower at 9 min (p = 0.004), 12 min (p =
0.004), 15 min (p = 0.002), and 18 min (p = 0.038). In addition, after medium replacement,
the number
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Raster plots can be used to have a clear qualitative insight into the spontaneous neural
activity recorded by Maestro Edge MEA. In Figure 5, each panel is descriptive of one
well during different timepoints (a = baseline recording, b = 3 min treatment, c = 15 min
treatment, d = 24 h recording with only basal medium) of our experiment, and every image
represents 60 s of spontaneous neural activity. When bursting activity occurs on multiple
electrodes, a network burst is formed.
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some electrodes did not record activity during the 60 s; only spikes and several sporadic
single-electrode bursts are recorded. On the contrary, at 24 h recording (Figure 5d), when
cells were in basal medium without the antiepileptic treatment, the network burst pattern
was comparable to baseline. Indeed, in Figure 5d, 3 network bursts are present, and the
peaks over the networks display an amplitude increase, similar to the baseline raster plot.
3.5. Spike Amplitude
The spike amplitude (represented by the EAP waveform) data from the same well
and electrode of the well, in three different crucial timepoints, were reported: baseline
(Figure 6a), 15 min of treatment with LEV (Figure 6b), and 24 h after medium replacement
(Figure 6c). These data represent a snapshot during the whole recordings. However, analyz-
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= 0.601).
At
In
our study,were
a comprehensive
electrophysiological
dataset
and de15 min of treatment with LEV (Figure 6b), MPA was lower than the baseline (Figure 6a)
layed effects of LEV in human iPSC-derived neuronal cells containing a heterogeneous
(−13.11 ± 0.44 vs. −28.81 ± 1.96, p < 0.001) and the 24 h timepoint (Figure 6c) (−13.11 ± 0.44
cell population (GABAergic, glutamatergic, dopaminergic, and astrocytes) was collected.
vs. −26.87 ± 1.17, p < 0.001). No differences were found between baseline and 24 h.
This in vitro model is highly efficient since the presence of astrocytes allows the cell culture
to reach a state of maturity that consents a good neurons functionality [10]. In addi4. Discussion
tion, the synaptic communication of different neuronal populations makes this in vitro
In our study, a comprehensive electrophysiological dataset of both the acute and
model more similar to an in vivo one. Indeed, spiking, bursting and network bursting
delayed effects of LEV in human iPSC-derived neuronal cells containing a heterogeneous
activities detected in such a population with MEA, mimic the electrophysiological activity
cell population (GABAergic, glutamatergic, dopaminergic, and astrocytes) was collected.
of in vivo models [21,22]. LEV has demonstrated multiple effects in different pathological
This in vitro model is highly efficient since the presence of astrocytes allows the cell culture
conditions other than epilepsy [6,7]; thus, it is important to collect a further complex neuto reach a state of maturity that consents a good neurons functionality [10]. In addition,
ral response to LEV in a nonclinical setting. In this regard, MEA offers an innovative way
the synaptic communication of different neuronal populations makes this in vitro model
to detect important features of in vitro neuronal cell cultures other than spiking activity.
more similar to an in vivo one. Indeed, spiking, bursting and network bursting activities
Our in
results
modifications
complex electrophysiological
detected
such demonstrate
a population sharp
with MEA,
mimic theofelectrophysiological
activity of metrics
in vivo
during several timepoints in hiPSC-derived neuronal cells in response to LEV treatment.
In recent years, the advancements in human stem cell technology allowed the in vitro
generation of different cell type characterized electrical activity such as cardiomyocytes
and neuronal cells [26–28]; in particular, by means of specific differentiation protocols
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models [21,22]. LEV has demonstrated multiple effects in different pathological conditions
other than epilepsy [6,7]; thus, it is important to collect a further complex neural response
to LEV in a nonclinical setting. In this regard, MEA offers an innovative way to detect
important features of in vitro neuronal cell cultures other than spiking activity.
Our results demonstrate sharp modifications of complex electrophysiological metrics
during several timepoints in hiPSC-derived neuronal cells in response to LEV treatment.
In recent years, the advancements in human stem cell technology allowed the in vitro
generation of different cell type characterized electrical activity such as cardiomyocytes
and neuronal cells [26–28]; in particular, by means of specific differentiation protocols
various neuronal cell types have been derived from iPSC [29,30], and recently also from
perinatal stem cells [31–33]. The electrical properties of these neuronal cells can be analyzed
by MEAs, a technology that allows one to record spontaneous electrical activity for long
time periods, in a non-invasive manner. The combined use of human stem cell-derived
neurons and MEAs technology represents an optimal approach to test physiological and
pathological neuronal cell activity, as well as drug effects and toxicity. In our study, we
used a mixed population of human neurons (glutamatergic, GABAergic and dopaminergic
neurons, and astrocytes) to obtain the most physiological environment to study the effect
of LEV.
Our data evidenced that LEV led to a sharp decrease of spike number, and such decline
was evident starting from 6 min of treatment, with the major decrease after 15 min. During
the treatment, and until 3 h after medium replacement, the ISI coefficient of variation
diminished and returned near baseline levels at 24 h. This means that LEV led to a decrease
of spiking activity while regularizing the interval between spikes.
The bursting activity was also affected by LEV. The number of bursts showed a
decreasing trend and was lower than baseline at 15 and 18 min of treatment. On the
contrary, medium replacement elicited a two-fold increase of bursts. However, this finding
is difficult to be interpreted: indeed, the electrical activity of neurons is highly affected
in vitro by the medium change because of the cell sensitivity to modification of temperature,
pH, and gaseous environment; this fact is particularly important in our case, as we had
to substitute all the medium (and not only 50%) to remove the LEV. To avoid the bias
related to these environmental factors, cells were allowed to re-equilibrate and the first
recording to analyze the effect of the LEV washout was performed 30 min after the medium
replacement. Nevertheless, it must be noted that 24 h after the LEV washout the number
of bursts returned to initial levels. Burst duration also showed a decrease both during
treatment and after medium replacement, although when LEV was eliminated, the burst
duration began to raise. Such a decrease is the result of both diminished number of spikes
and modification in the time between spikes elicited by LEV. Indeed, although the number
of spikes was higher immediately after the medium replacement, the interval between
spikes was more regular, resulting in the diminished time of spike clustering occurrence
(i.e., bursting). This result is corroborated by the increased ISI within the burst during LEV
treatment, showing a higher interval between spikes within the bursts. Also, the decreased
IBI coefficient of variation during LEV treatment indicated an increased single-electrode
burst regularity. Importantly, such responses reflect the effect of LEV in humans. Indeed,
spike-wave burst numbers and frequency measured by video/electroencephalography
showed a dramatic reduction after LEV treatment, while discontinuation causes a rapid
increase [34].
The spike amplitude decreased during treatment, and at 15 min after LEV administration, peak amplitude showed a 50% reduction compared to baseline. Furthermore,
spike amplitude returned to the baseline voltage the day after medium replacement. As
previously reported, pharmacological treatment can modify EAP waveform and amplitude.
Moreover, the EAP waveform varies depending on the different parts of the neurons (i.e.,
soma or neurites) and among the diverse neuronal cell types [16–18]. Accordingly, the
fact that both EAP waveform and amplitude changed during LEV treatment could be due
either to the modification of ionic channel behavior in response to the drug or the inhibition
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of certain neuron cell types (probably the most affected by the drug among the different
cell typologies). Finally, MEAs detected that the network bursts were dramatically lower
at 15 and 18 min of treatment and continue to show low values at 1 h. These data reflect
a diminished synaptic communication between adjacent electrodes, which is confirmed
qualitatively by raster plots (Figure 6). Previous investigations showed that LEV decreased
synaptic transmission and that the effect of the antiepileptic was strongly mediated at
the presynaptic level [35,36]. As expected, when network bursts were detected, MEAs
results showed a lower number of spikes within the networks during LEV treatment, which
remain low up to 2.5 h. This means that although the number of spikes increased, they
occurred in an “intermittent” manner, probably due to a number of neurons still inhibited.
5. Conclusions
The present study provides a comprehensive overview of the electrophysiological
response of a mixed population of human neurons to LEV administration. Exploiting a
last-generation MEA system we were able to demonstrate in detail the inhibiting effect
of the antiepileptic drug on both the neuronal spiking and the network connectivity. Our
results confirm the high sensitivity of MEA technology in detecting drug-induced electrophysiological modifications. Moreover, these data allow one to extend the knowledge on
the electrophysiological effects of LEV on the complex neuronal population that resembles
the human cortex.
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