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Neurotoxicity testing of chemicals, drug candidates, and environmental
pollutants still relies on extensive in vivo studies that are very costly, time-
consuming, and ethically debated due to the large number of animals typically
used. Currently, rat primary cortical cultures are widely used for in vitro neu-
rotoxicity studies, as they closely resemble the in vitro brain with respect to the
diversity of cell types, their physiological functions, and the pathological pro-
cesses that they undergo. Common in vitro assays for neurotoxicity screening
often focus on very target-specific endpoints such as morphological, bio-
chemical, or electrophysiological changes, and such narrow focus can hamper
translation and interpretation. Microelectrode array (MEA) recordings provide
a non-invasive platform for extracellular recording of electrical activity of
cultured neuronal cells, thereby enabling the evaluation of changes in neuronal
(network) function as a sensitive and integrated endpoint for neurotoxicity
screening. Here, we describe an in vitro approach for assessing changes in
neuronal network function as a measure for neurotoxicity, using rat primary
cortical cultures grown on MEAs. We provide a detailed protocol for the cul-
ture of rat primary cortical cells, and describe several experimental procedures
to address acute, subchronic, and chronic exposure scenarios. We additionally
describe the steps for processing and analyzing MEA and cell viability data.
© 2021 The Authors. Current Protocols published by Wiley Periodicals LLC.
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INTRODUCTION

A major challenge faced by in vitro neurotoxicity testing approaches is that the cell model
used should closely reflect the complexity of the in vivo nervous system, especially with
respect to the diversity of cell types, their physiological functions, and the pathophysi-
ological processes that affect them (Westerink, 2013). Currently, general neurotoxicity
testing of chemicals, drug candidates, and environmental pollutants still mostly relies on
extensive and costly in vivo studies that require a large number of animals and specific
expertise (Accardi et al., 2016; Bal-Price et al., 2008). Consequently, there is a clear need
for the implementation of alternative in vitro neurotoxicity testing strategies that are ro-
bust and economically feasible, provide high throughput, and have an adequate predictive
capacity (Bal-Price et al., 2008; Bal-Price, Hogberg, Buzanska, & Coecke, 2010a).

Many approaches for in vitro neurotoxicity screening focus on specific biochemical, mor-
phological, or electrophysiological endpoints. However, given the wide potential diver-
sity of toxicity mechanisms and modes of action, it is virtually impossible to cover all
relevant ones with target-specific assays. Assessing neuronal network function, on the
other hand, provides an efficient and sensitive way to cover multiple neurotoxicity end-
points within the same experimental setup (McConnell, McClain, Ross, LeFew, & Shafer,
2012; Robinette, Harrill, Mundy, & Shafer, 2011; Zwartsen, Hondebrink, & Westerink,
2018).

Microelectrode arrays (MEAs) consist of a cell culture surface with an integrated array of
microelectrodes constituting a non-invasive platform to record the electrophysiological
activity of excitable cells in vitro (Johnstone et al., 2010). Extracellular field potentials
generated by neuronal activity (spikes) are detected simultaneously at several locations
on the electrode array. Comparing neuronal activity patterns before and after exposure to
test compounds allows for the investigation of the potential impact of these compounds
on neuronal (network) function (Johnstone et al., 2010). MEA recordings thereby provide
a functional endpoint for neurotoxicity testing that covers multiple intrinsic, physiologi-
cally relevant mechanisms important for neuronal function, including acute disturbance
of calcium homeostasis, receptor and ion channel functionality, and synaptic transmis-
sion (Johnstone et al., 2010; Vassallo et al., 2017).

For many test compounds, a (sub)chronic exposure better resembles a real-life scenario
(Dingemans et al., 2016; Zwartsen, Hondebrink, & Westerink, 2019). As MEA record-
ings are non-invasive, measurements can be performed at several time points over days
or even weeks, providing an efficient way of collecting large amounts of in-depth elec-
trophysiology data (for a review, see Johnstone et al., 2010; also see Spira & Hai, 2013).
(Sub)chronic exposure experimental designs allow researchers to study not only changes
in neuronal activity due to acute disturbance of calcium homeostasis, receptor and ion
channel functionality, as well as synaptic transmission, but also changes in network
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integrity, expression of ion channels and neurotransmitter receptors, and cell viability
occurring after prolonged exposure. Further, subchronic-exposure MEA experiments are
also suitable to study the reversibility of functional neurotoxicity (Gopal, Miller, & Gross,
2007) or, with some minor adaptations to the experimental protocol, the ability of the
neuronal network to recover from the insult (Zwartsen et al., 2019).

Various cell types can be cultured on MEAs, including primary cultures. Rat primary
cortical cultures consist of excitatory and inhibitory neurons, and supportive cells such
as astrocytes, thereby largely representing the in vivo cellular diversity (for details see
Hondebrink et al., 2016; Tukker et al., 2020a). The cortical cultures form networks and
develop spontaneous and synchronized neuronal activity that reflects many functions of
neurons in vivo (Charlesworth, Cotterill, Morton, Grant, & Eglen, 2015; Chiappalone,
Vato, Berdondini, Koudelka-Hep, & Martinoia, 2007). The neuronal activity pattern dis-
played by rat primary cortical cultures grown on MEAs includes spiking, bursting, and
network bursting (Chiappalone et al., 2007; Cotterill et al., 2016; Robinette et al., 2011).
Spikes basically represent extracellular field recordings of action potentials, whereas
bursting is defined as a series of spikes with a short interval recorded by a single electrode.
Network bursts are more complex, and represent the simultaneous occurrence of burst-
ing at several electrodes throughout the array of a single well (Johnstone et al., 2010).
Importantly, the activity of rat primary cortical cultures can be modulated by different
physiological, toxicological, and pharmacological compounds, indicating the functional
relevance of diverse intra- and intercellular signaling pathways (de Groot, Westerink,
& Dingemans, 2013; Hondebrink et al., 2016; McConnell et al., 2012; Nicolas et al.,
2014; Puia, Gullo, Dossi, Lecchi, & Wanke, 2012; Strickland, Martin, Richard, Houck,
& Shafer, 2018; Valdivia et al., 2014; Vassallo et al., 2017). While the use of human
cells can avoid the need for interspecies translation, the high costs and long culture times
involved currently hamper the use of human iPSC-derived neurons for in vitro neurotox-
icity testing. Consequently, the availability of MEA data derived from human cells is still
scarce. The sensitivity between cells from different species can differ, with rat cortical
cultures being more sensitive to methoxetamine (Hondebrink et al., 2017), and, on the
other hand, hiPSC-derived neurons being more sensitive to several seizureogenic com-
pounds (Tukker, Wijnolts, de Groot, & Westerink, 2020b). Notably, however, differences
in sensitivity between cells from different species are generally small, i.e., less than a fac-
tor of 10 (Tukker et al., 2020b), or negligible (Kasteel & Westerink, 2017). As a result of
the often small differences observed with human-derived cells, and also considering the
relatively low costs and short culture duration, rat cortical cultures are still the standard
for (in vitro) neurotoxicity testing (Authier et al., 2016). Notably, it has been demon-
strated in several studies that rat primary cortical cultures grown on 48-well MEA plates
are well suited for in vitro neurotoxicity screening, exhibiting considerable throughput,
inter-laboratory reproducibility, and high sensitivity and specificity (McConnell et al.,
2012; Nicolas et al., 2014; Novellino et al., 2011; Valdivia et al., 2014; Vassallo et al.,
2017). Therefore, rat primary cortical cultures grown on MEAs are increasingly used as
a robust, high-throughput screening tool to investigate acute, subchronic, and develop-
mental neurotoxicity of chemicals, environmental pollutants, and endogenous molecules
(Hogberg et al., 2011; Hondebrink et al., 2016; Johnstone et al., 2010; McConnell et al.,
2012; Tukker et al., 2020b; Valdivia et al., 2014).

In this article, we describe the isolation and culture of rat primary cortical cells and their
applicability for neurotoxicity screening by MEA recordings in several experimental ex-
posure scenarios, including acute, subchronic, and chronic (developmental) exposure.
Figure 1 shows an overview of the experimental procedure for the different exposure
scenarios. Basic Protocol 1 describes in detail the dissection of cortices from Wistar rats
on postnatal day 0 to 1, and the isolation, seeding, and culture of the primary cortical
cells on 48-well MEA plates. Support Protocols 1 and 2 describe the required treatment Gerber et al.
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Figure 1 Overview of the entire workflow for the different MEA experiments described. Before
starting MEA experiments, we recommend preparing stock solutions of the test compound(s) and
evaluating solubility in culture medium. In the case of chronic exposure experiments, the evapo-
ration volume of outer and inner wells during 3-4 days under culture conditions should also be
assessed in advance. Those steps (in gray) only need to be performed before the first MEA ex-
periment. The preparatory steps for each MEA experiment include pre-treatment, washing, and
coating of the 48-well MEA plate (in green, Support Protocols 1 and 2) and need to be done before
the isolation of rat primary cortical cells (in blue, Basic Protocol 1). Further, the user can choose
between three exposure scenarios: acute (in red, Basic Protocol 2), subchronic (in orange, Alter-
nate Protocol 1), or chronic exposure (in yellow, Alternate Protocol 2). After completing the final
MEA measurement, we recommend assessing cell viability (Support Protocol 3). The MEA data
processing is the same for all exposure scenarios (Basic Protocol 3). For the MEA data analysis,
the user can follow the indicated protocol in the flowchart of the chosen exposure scenario (Basic
Protocol 4 for MEA data obtained from acute or subchronic exposure experiments and Alternate
Protocol 3 for MEA data obtained from chronic exposure experiments).

of 48-well MEA plates prior to culture of primary rat cortical cells, and the washing pro-
cedure to reuse 48-well MEA plates, respectively. In Basic Protocol 2, we describe how
to perform an acute exposure experiment. Furthermore, we describe the required soft-
ware settings for recording spontaneous neuronal activity of rat primary cortical cells
using the Maestro (Axion BioSystems) multi-well microelectrode array platform. Alter-
nate Protocols 1 and 2 outline the experimental procedure for repeated MEA recordings
during subchronic (up to 48 hr) and chronic (21 days) exposure, respectively. Support
Protocol 3 describes the option to combine MEA recordings with cell viability assess-
ment, which is recommended at the end of MEA experiments. Basic Protocol 3 explains
the general spike train data processing, which applies to all obtained MEA data. BasicGerber et al.
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Protocol 4 and Alternate Protocol 3 describe the procedure we have implemented to as-
sess changes in neuronal activity by chemically induced acute/subchronic and chronic
exposure, respectively. Altogether, these protocols will allow investigators to use MEA
experiments to study the potential impact of test compound(s) on neuronal functionality
and synchronicity after different exposure durations.

Strategic Planning

In this article, we describe several experimental setups for neurotoxicity screening using
rat primary cortical cultures grown on MEA. Please note that these are long experiments
(4–7 weeks) and, therefore, planning is essential. For a detailed overview of the required
time, see Time Considerations.

First, ordering the rat pups needs to be done well in advance. To avoid medium changes
or experiments on the weekends, we recommend using timed pregnant rats that give birth
on Sundays.

Importantly, when planning a chronic exposure experiment, the user should first check
how much volume evaporates from a 48-well MEA plate after 3-4 days in culture. The
evaporation volume differs between different types of plates and laboratories. Please note
that the evaporation volume is usually larger in the outer wells than in the inner wells.
To check for the different evaporation volumes in the outer and inner wells of a 48-well
MEA plate, fill up each well with 500 μl of sterile laboratory water and put the 48-well
MEA plate in a humidified incubator (37°C, 5% CO2 and 95% air atmosphere). After 3-4
days of incubation, weigh the plate without the lid and note the weight (weight 1). Then,
remove the entire volume of all outer wells, weigh the 48-well MEA plate again, and note
the weight (weight 2). Also remove the entire volume from the inner wells, weigh the 48-
well MEA plate again, and note the weight (weight 3). The evaporated volumes can now
be calculated. First, subtract weight 2 from weight 1, and divide the result by 24 (because
there are 24 outer wells). This value is the volume that remains in each outer well after
3-4 days in the incubator. Subtract this number from 500 μl (the starting volume in each
well) to calculate how much water evaporated during 3-4 days incubation at 37°C, 5%
CO2, and 95% air atmosphere. To calculate the evaporation volume for the inner wells,
subtract weight 3 from weight 2 and continue as described above for the outer wells.

Further preparatory steps include the pretreatment, washing, and coating of 48-well MEA
plates (see Support Protocols 1 and 2), which takes about 2 weeks in total. At least 1 day
before the experiment starts (i.e., 1 day before Basic Protocol 1), the user should have
coated the 48-well MEA plate with a 0.1% polyethyleneimine (PEI) solution (see Support
Protocol 2), since the MEA plate needs to be completely air-dried at room temperature
before plating the cells.

In our laboratory, the isolation of rat primary cortical cells (see Basic Protocol 1) takes
place on Mondays (which here represents day in vitro (DIV) 0), and the medium is re-
placed on DIV 4 (Friday). In the second week, neuronal baseline activity can be recorded
on DIV 7 (for chronic exposure experiment) or on DIV 9-11 (for acute and subchronic ex-
posure experiments), and the cells are subsequently exposed to test compound(s). Before
the exposure, the user needs to decide which compounds to test and at which concen-
trations. When this has been done, the user needs to prepare the test concentrations in
a predetermined solvent, which can be water, ethanol, or DMSO, depending on the test
compound. The solubility of the compounds needs to be tested beforehand to see whether
each concentration of the test compound dissolves in the appropriate medium. If this is
not the case, the user can decide to test an alternative solvent or omit the highest test
concentration(s), as these are most likely to give solubility problems. This issue should
be addressed before the (first) exposure day. Gerber et al.
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BASIC
PROTOCOL 1

ISOLATION AND CULTURE OF RAT PRIMARY CORTICAL CELLS ON
48-WELL MEA PLATES

Primary cortical cultures closely resemble the complexity and diversity of cell types in
the in vivo brain. Over time, cortical cultures form networks that exhibit spontaneous
electrical activity, which makes for a robust screening model for (developmental) neuro-
toxicity testing. Here, we describe the isolation and culture of rat primary cortical cells,
a procedure that takes at least 1 week and requires careful planning (see Strategic Plan-
ning). 48-well MEA plates need to be pretreated (see Support Protocol 1) and precoated
with 0.1% polyethyleneimine (PEI, see Support Protocol 2) before the cell isolation takes
place. On the day of isolation, cortices from postnatal day 0 to 1 Wistar rat pups are dis-
sected, and cortical cells are isolated and seeded in glutamate-supplemented dissection
medium on the 0.1% PEI−precoated 48-well MEA plate. To culture cells on the micro-
electrode array, the cell suspension is seeded in a droplet immediately on the electrode
array and cells are allowed to attach to the array for 2 hr before the remaining medium
is added. On DIV 4, glutamate-supplemented dissection medium is replaced with cul-
ture medium without glutamate. Within the first week of culture, the neuronal network
develops spontaneous neuronal activity, reaching a plateau at DIV 9-11, after which the
activity gradually decreases (Dingemans et al., 2016). For long-term maintenance, 50%
of the medium is exchanged every 3–4 days after volume adjustment with sterile water.
Rat primary cortical cultures can be maintained at least up to DIV 28 without loss of neu-
ronal activity (also see Understanding Results, which shows the development of neuronal
activity of a rat primary cortical culture under control conditions).

In some countries, the preparation and use of primary cultures may be restricted to a
Biological Safety Level 1 (BSL-1)–approved laboratory environment. Unless otherwise
indicated, all experiments should be performed under sterile conditions in a laminar flow
hood. All reagents and biologicals must be sterilized by autoclaving or filter sterilization
(0.2 μm filter) prior to use in cell culture, and must be maintained under sterile condi-
tions during the duration of the experiment. All culture incubations are performed in a
humidified 37°C/5% CO2 incubator.

Materials

Phosphate-buffered saline (PBS; ThermoScientific GibcoTM, cat. no. 10010-023)
Dissection medium (see recipe)
Wistar rat pups on postnatal day 0 to 1 (Envigo, Horst, the Netherlands)
0.4% trypan blue solution (Sigma-Aldrich, cat. no. T8154)
Culture medium (see recipe)

Polystyrene box (30 × 25 × 10 cm; length × width × height) to contain ice
Petri dishes (10 cm diameter)
Sterile dissection tools (scissor, microdissection scissor, curved forceps, forceps

with fine tips, spatula, scalpel)
Water bath at 37°C
50-ml conical polypropylene centrifuge tubes
EASYstrainerTM (100 μm cell strainer; Greiner bio-one, cat. no. 542 000)
Syringe (10 ml)
Dissection microscope
Biological safety hood
Serological pipettes (5, 10, and 25 ml)
Tabletop centrifuge
Hemocytometer (Bürker-Türk counting chamber) and light microscope, or

automatic cell counter
6- or 8-channel electronic pipettor (Integra Bioscience, Voyager)

Gerber et al.
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Sterile sample container (125 ml; VWR, cat. no. 216-1823)
Pretreated and 0.1% PEI precoated 48-well MEA plates (Axion BioSystems, cat.

no. M768-KAP-48; for pretreatment and precoating, see Support Protocols 1
and 2, respectively)

Additional reagents and equipment for cell culture techniques including counting
cells (see Current Protocols article: Phelan & May, 2015)

Preparing for dissection and cell isolation

Primary cells are very vulnerable. It is, therefore, recommended to dissect the cortices
and to isolate cells as quickly as possible to ensure good quality of the final primary
culture. To reduce procedural time, this section describes several preparation steps (see
Fig. 2A-C) that should be done before starting the dissection and cell isolation.

Prepare the dissection area (Fig. 2A)
1. Fill the polystyrene box with ice.

2. Add 30 ml of 4°C cold PBS to one 10-cm petri dish, and 20 and 30 ml of dissection
medium to two other 10-cm petri dishes, respectively. Keep the petri dishes on ice
in the polystyrene box.

3. Place the sterile dissection tools next to the polystyrene box (Fig. 2B).

4. Prewarm the remaining dissection medium to 37°C in a water bath.

For a litter of 7-10 rat pups, on average, 50 ml of dissection medium is needed for cell
isolation and for adjusting the cell suspension to the desired cell density.

Prepare for cell isolation in the biological safety hood (Fig. 2C)
5. Put the 100-μm sterile cell strainer on a 50-ml centrifuge tube.

6. Place a 10-ml syringe next to the centrifuge tube.

Dissection of rat cortices

The pups are sacrificed and the cortices are dissected from the cranium, under sterile
conditions (Fig. 2D-L). For large litters (more than 10 pups), we recommend splitting
the litter and performing the cortex dissection, cell isolation, and cell counting in two
separate runs. After the desired cell density of 2 × 106 cells/ml is achieved, the cell
suspensions can be combined and used for seeding.

7. Sacrifice the pups by holding them above the petri dish containing PBS (on ice; see
step 2) and decapitating them using scissors in such a way that the cranium drops
into the PBS (Fig. 2D).

Sacrifice all the pups before continuing with the following steps. Keep the petri dish con-
taining the crania in PBS on ice while proceeding with the cortex dissection of the single
crania. During the dissection (from decapitating the pups until the cortices pieces are
transferred to the cell strainer in step 15), everything should be kept on ice. This is done
to reduce enzymatic degradation of the tissue.

8. Hold the nose portion of the head with forceps. Use the microdissection scissors to
gently cut the skin along the midline advancing toward the nose, plus a lateral cut
on each side. Afterwards, cut the skull in the same manner (Fig. 2E).

Take care not to damage the brain with the tip of the scissors.

9. Remove the brain using the spatula and transfer the brain to the petri dish containing
30 ml of dissection medium prepared in step 2 (Fig. 2F).

Remove the brains from all the crania (steps 8-9) before continuing with dissecting the
cortices. Gerber et al.
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Figure 2 Representative images of the different steps in the dissection of rat cortices and cell
isolation. Preparation of the dissection area (A), the dissection tools (B), and the isolation area
(C) are shown. Further images show steps of cortex dissection performed on ice (D-H), including
craniums in the petri dish containing PBS (D), handling the head, opening the cranium to remove
the brain (E), and dissected brains with dorsal site up (F). The red dotted line (F) indicates where
to cut to separate the cortices from the midbrain in G. Then, the cortices are removed by peeling
using curved forceps (H). The red arrow in image I shows the partly removed meninges, which are
removed using forceps with thin tips (J). After removing the meninges, cortices are collected in the
petri dish containing 20 ml dissection medium (K) and cut in small pieces using the scalpel (L). In
the biological safety hood, the cells are isolated by pushing them through the cell strainer (M). After
centrifugation, the cell pellet is obtained by removing the supernatant (N). Finally, the cell pellet
is resuspended, the cell density is adjusted, and the cells are seeded onto a 0.1% PEI precoated
48-well MEA plate (O).

10. With the brain dorsal side up, separate the cortices from the midbrain by cutting the
tissue in a medial to lateral fashion (Fig. 2G; the red dotted line in Fig. 2F indicates
where to cut).

11. Hold the brain with curved forceps (or stick forceps in the midbrain) and remove the
cortex by peeling with curved forceps (Fig. 2H).Gerber et al.
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12. Remove residual parts of the midbrain and hippocampus area from the cortices using
curved forceps (Fig. 2I; the red arrow in Fig. 2I points to the meninges, which need
to be removed in step 13).

13. Remove any residual meninges from the cortices using forceps with thin tips. Use a
dissection microscope to better visualize the meninges (Fig. 2J). Collect the cortices
from all brains in the petri dish containing 20 ml of dissection medium prepared in
step 2 (Fig. 2K).

Repeat the dissection of the cortices (steps 10-13) successively for all brains.

14. Cut the cortices into smaller pieces (∼2 mm each) using a scalpel (Fig. 2L), and
transfer the petri dish to the biological safety hood.

Isolation of primary cells from rat cortices

Work under sterile conditions in a biological safety hood when isolating the primary
cortical cells.

15. Transfer the cortex pieces from the petri dish to the cell strainer on top of the 50-ml
sterile polypropylene centrifuge tube from step 5 using a 10-ml serological pipette.

Suck up all cortex pieces into the serological pipette, but make sure to leave a small
volume (1-2 ml) of medium (without cortex pieces) in the petri dish, as this will be used
to rinse the cell strainer in step 18. Before pipetting the cortex pieces into the strainer,
wait a few seconds until the cortex pieces sediment in the pipette. In this way, you only
need to pipette a small part of the volume in the serological pipette to transfer most of
the cortex pieces to the strainer, thereby preventing overflow of the strainer.

16. Mince the cortices in the strainer with the plunger from a 10-ml syringe (Fig. 2M).

The cells go through the strainer and are collected in the 50-ml centrifuge tube.

17. Repeat steps 15-16 as often as necessary to mince all the cortex pieces.

18. Rinse the strainer with the remaining medium from the petri dish (from step 15).

19. Centrifuge the cell suspension for 5 min at 100 × g in a tabletop centrifuge at room
temperature.

20. Remove the supernatant carefully, without disrupting the cell pellet (Fig. 2N).

21. Add 1 ml of prewarmed (37°C) dissection medium per brain (0.5 ml per cortex) to
the cell pellet, and resuspend the pellet.

22. Measure and note the total volume of the cell suspension.

23. Determine the number of viable cells per ml in the suspension by mixing 90 μl of
0.4% trypan blue and 10 μl of the cell suspension in a 0.5-ml microcentrifuge tube,
and using either a hemocytometer chamber (see Current Protocols article: Phelan &
May, 2015) and a light microscope, or an automatic cell counter to count the cells.

In our experience, the cell number in the suspension generally amounts to 8−12 × 106

cells/ml.

24. Adjust the cell density of the remaining suspension to 2 × 106 cells/ml by adding
prewarmed (37°C) dissection medium.

If cortex dissection and cell isolation are performed in several runs, store the cell sus-
pension from the first run in the water bath at 37°C until the second run is completed.
After adjusting the cell suspension to the desired cell density, the cells are ready to be
seeded.

Gerber et al.
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Seeding and culturing of primary rat cortical cells on 48-well MEA plates

Work under sterile conditions in a biological safety hood when seeding the primary cor-
tical cells. Refer to Current Protocols article Phelan & May (2015) for basic cell culture
techniques.

25. Gently but thoroughly resuspend the cell suspension to ensure equal cell distribution.
To use the 6- or 8-channel electronic pipettor for seeding, transfer the cell suspension
to a 125-ml sterile sample container.

26. Seed the cells by adding a 50-μl drop of the cell suspension to the center of the bottom
of each well of a PEI-coated 48-well MEA plate (Fig. 2O; see Support Protocol 1 for
the coating procedure). In each well, the final number of cells will be approximately
1 × 105, which is the optimal cell density for MEA recordings.

Gently swing the sample container containing the cell suspension while seeding, to pre-
vent deposition of cells, as that would lead to unequal seeding densities in the wells.
Further, avoid touching the bottom surface of the well with the pipette tip, as this could
damage the electrode array.

27. Keep the cells for 2 hr in a humidified incubator at 37°C with 5% CO2, to allow
them to attach to the array surface. Then, add 450 μl of prewarmed (37°C) dissection
medium to each well.

When adding the medium, select a slow dispense speed (6- or 8-channel electronic pipet-
tor), to prevent cells from detaching.

28. Culture the cells until DIV 4 in a humidified incubator at 37°C with 5% CO2.

29. On DIV 4, replace 450 μl of the dissection medium with culture medium (dissection
medium without l-glutamate).

High glutamate concentrations can be toxic to cells; the medium with glutamate is used
only up to DIV 4 to prevent overgrowth of astrocytes, thereby maintaining a more stable
ratio between non-proliferative neurons and astrocytes. To avoid damage to the cells and
electrodes, we recommend replacing 450 μl instead of the entire volume (500 μl) because,
in this way, touching the bottom of the well with the tip of the pipette can be avoided.

30. Keep the cells in a humidified incubator at 37°C with 5% CO2 until the start of the
MEA experiment on DIV 7 (for developmental/chronic exposure, Alternate Protocol
2) or DIV 9-11 (for acute or subchronic exposure, Basic Protocol 2 or Alternate
Protocol 1, respectively).

SUPPORT
PROTOCOL 1

PRETREATMENT AND WASHING OF 48-WELL MEA PLATES BEFORE
FIRST USE OR FOR RE-USE

In this protocol, the user will pretreat and wash 48-well MEA plates, which are required
steps before the first use or reuse of a 48-well MEA plate. In our experience, cell survival
and neuronal activity are improved when MEA plates are incubated in protein-containing
medium before first use. While MEA plates are designed for single use, it can be cost-
effective to reuse them. Note, however, that reusing plates can result in leakage of medium
and serious damage to the hardware. Also, reusing MEA plates can cause damage to the
electrode array, resulting in a decreased signal-to-noise ratio. In practice, MEA plates
can be reused up to four more times.

After the pretreatment, or to reuse MEA plates, the plates need to undergo a specific
washing procedure, described in the steps below. In the case of reuse, MEA plates are first
rinsed several times with demineralized water to remove the test compound(s). Detached
cells or their debris are removed by incubating the plate with 0.5% trypsin/EDTA and
further rinsing with demineralized water. Plates are sterilized by rinsing and incubatingGerber et al.
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with 70% ethanol, then drying the plates at 55°C overnight. Afterwards, the labeling is
removed from the plate lids and the plates are ready to be reused.

Materials

Protein-containing culture medium
Any type of medium containing proteins (e.g., fetal bovine serum, B27 Plus

supplement, etc., is suitable; see step 1).
Sterile laboratory-grade demineralized water
0.5% trypsin-EDTA (10×; ThermoScientific GibcoTM, cat. no. 15400-054)
70% ethanol

6- or 8-channel electronic pipettor (Integra Bioscience, Voyager)
New or used 48-well MEA plates (Axion BioSystems, cat. no. M768-KAP-48)
55°C oven

Pretreatment of 48-well MEA plates before first use
1. Under sterile conditions, add 300 μl of protein-containing culture medium to each

well and incubate the plate for at least 24 hr.

Any type of medium containing proteins (fetal bovine serum, B27 Plus supplement, etc.)
is suitable for pretreating the MEA plates. In our laboratory, where experiments with rat
primary cortical cells are frequently performed, we use the leftover dissection medium
from the previous cell isolation procedure.

Washing of 48-well MEA plates (after pretreatment or for reuse of MEA plates)

All washing steps should be performed under sterile conditions to avoid bacterial, fungal,
or other contamination.

2. Rinse each well of the 48-well MEA plate with 300 μl of demineralized water three
times.

3. Fill the whole 48-well MEA plate (wells and inter-well space) with demineralized
water.

To avoid oxidation of the electrode contacts, place paper towels below or between the 48-
well MEA plates. In our laboratory, the MEA plates are kept in this state until a sufficiently
large batch (usually around 20) of 48-well MEA plates is available, to more efficiently
perform the subsequent washing steps for the entire batch of plates. Plates filled with
demineralized water can be stored for up to 2 weeks.

4. Rinse the plates three times with 300 μl of demineralized water.

5. Add 100 μl of 0.5% trypsin-EDTA (10×) to each well.

For new 48-well MEA plates, incubation with trypsin is not necessary, and steps 5-7 can
be skipped.

6. Incubate the plates overnight at 37°C, with 5% CO2 and 95% air atmosphere.

The incubation time can be extended if more suitable for the time schedule. If plates are
stacked one over the other, add paper towels between the plates to avoid oxidation of the
electrodes. Check the plates for leakage.

7. Rinse the plates three times with 300 μl of demineralized water.

8. Rinse the plates three times with 300 μl of 70% ethanol.

9. Fill up the whole 48-well MEA plate (wells and inter-well space) with 70% ethanol.

10. Incubate the plates overnight at room temperature in a fume hood.

Gerber et al.
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The incubation time can be extended if more suitable for the time schedule. Place paper
towels below and between the plates to avoid oxidation of the electrode contacts. Check
the plates for leakage.

11. Rinse the plates two times with 300 μl of 70% ethanol.

12. Discard the 70% ethanol and put the plates upside down on paper towels.

13. Dry the plates for at least 16 hr (overnight) at 55°C in an oven.

14. Clean the lids of the 48-well MEA plates with 70% ethanol.

Note the number of uses on the plates. Take care not to contaminate the plates while
handling. Check the plates for oxidized contact pins.

SUPPORT
PROTOCOL 2

COATING OF 48-WELL MEA PLATES WITH 0.1% PEI SOLUTION

Primary cells require a protein matrix to attach to, which is why plastic culture plates
need to be coated before seeding the cells. For MEA plates, a coating with a 0.1% PEI
solution is used to ensure adequate adhesion of the cortical cultures to the electrode array.
The MEA plates need to be coated at least 1 day prior to the generation of the primary
culture (Basic Protocol 1). MEA plates coated with 0.1% PEI can be stored for up to 2
weeks at room temperature. Use a biological safety hood for the coating procedure to
avoid bacterial, fungal, or other contamination.

Materials

0.1% polyethyleneimine solution (0.1% PEI; see recipe)
Sterile laboratory-grade water

48-well MEA plate (Axion BioSystems, cat. no. M768-KAP-48), pretreated as in
Support Protocol 1

6- or 8-channel electronic pipettor (Integra Bioscience, Voyager)

1. Add a droplet of 0.1% PEI solution (50 μl/well) on the bottom of every well.

Make sure that the 50-μl drop is in the cavity at the bottom surface covering the entire
microelectrode array.

2. Incubate the 48-well MEA plate for 1 hr at room temperature.

3. Aspirate the 0.1% PEI solution and rinse each well four times with 300 μl of sterile
laboratory-grade water.

4. Air-dry the 0.1% PEI-coated 48-well MEA plate overnight at room temperature.

Keep the plates covered with the lids. That way, the plates can be moved to a non-sterile
storage location without risking bacterial, fungal, or other contamination.

BASIC
PROTOCOL 2

MEA MEASUREMENTS DURING ACUTE EXPOSURE

In this protocol, the user will perform MEA measurements during acute exposure of rat
cortical cells seeded on MEA plates (Basic Protocol 1) to a (set of) test compound(s).
These acute exposure experiments can be used to investigate if short-term exposure to a
test compound affects spontaneous neuronal activity. Acute exposure experiments will
be performed on DIV 9-11, since at this developmental stage, the neuronal networks
already exhibit a high degree of activity (Dingemans et al., 2016), including (network)
burst behavior (Brown et al., 2016). Users will first perform a 30-min baseline MEA
measurement, followed by another 35-min MEA measurement in which the exposure
to the test compound(s) takes place. Since the cells will not be cultured further after
acute exposure experiments, the exposure does not have to be performed under sterileGerber et al.
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conditions. To ensure the robustness and reproducibility of MEA data, we recommend
having a sample size of at least 20 wells per condition, spread out over three MEA plates.
At the end of this protocol, the user will have MEA data output (.RAW files), which can
be further analyzed using Basic Protocol 3: MEA data processing.

Materials

48-well MEA plate (Axion BioSystems, cat. no. M768-KAP-48) with rat cortical
cells cultured until DIV 9-11 (from Basic Protocol 1)

Stock concentrations of test compound(s) in solvent (see Strategic Planning)
Culture medium (see recipe)

Maestro Middleman (Axion BioSystems)
Computer
Axion Integrated Studio (AxIS) software (Axion BioSystems; version 2.5.2)

MEA settings and recording
1. Turn on the computer and the Maestro Middleman, and start the AxIS software on

the computer.

2. In the Environment Control module, turn ‘heater control’ on and set the temperature
to 37°C.

The Maestro has an integrated heating system and temperature controller, and will con-
tinue warming up until it reaches the set temperature.

3. Select the type of plate that will be measured at ‘Active Plate’ (top left of the screen).

In our experiments, we use Classic MEA 48 (incl. AccuSpot), but different plate types
(e.g., CytoView or Lumos 48-wells plates) can be selected on the MEA device using the
same procedure.

4. In the ‘Experiment Setup Properties’ panel, select the appropriate settings for the
Maestro. Right-click Maestro to change the settings. In the pop-up screen (see Fig.
3A), sampling frequency should be at 12.5 kHz (this is fixed); set Analog Settings to
’Neural: Spikes,’ which has a sample gain of 1200× and a band-pass filter of 200-
5000 Hz. Low-pass filter is disabled when using ‘Neural: Spikes’ in Analog Settings.
Referencing should be set to ‘median’ to reduce noise common to the electrode
groups and improve detection of low amplitude signals.

5. To visually inspect the activity of each plate before and during each recording, add
the data processors ‘Spike Detector’ (to enable visualization of spikes) and ’Burst
Detector’ (to enable visualization of (network) bursts). The output of the spike and
burst detector should not be saved.

To add these extra data processors, right-click Maestro and add a spike detector by click-
ing ’Add processing’and selecting ‘Spike Detector.’ In the pop-up screen, use the method
‘Adaptive Threshold Crossing’ and change the settings as in Figure 3B. These settings
will be explained in more detail in Basic Protocol 3. Next, right-click Spike Detector and
add a burst detector by clicking ‘Add processing’ and selecting ‘Burst Detector.’ In the
pop-up screen, select the desired method to analyze bursts and change the settings as in
Figure 3C.

6. Select the folder in which you want to save the experiment by clicking ‘Browse’
in the Experiment Folder field and name the experiment at ‘Continuous Streams.’
Provide additional information in the experiment description section if needed.

7. In the Scheduled Recording Setup module, set the desired recording time and desired
recording start time. For a single recording, select ‘Execute: Once.’

Gerber et al.
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Figure 3 Illustration depicting the settings for (A) Maestro data collection, (B) spike detector, and
(C) burst detector.

8. When the set temperature for the MEA Maestro has been reached, place the 48-well
MEA plate containing the primary cortical cells from Basic Protocol 1, step 30, in
the device by lifting the Maestro handle, placing the MEA plate into the docking
bay, and gently lowering the handle to engage it to the system. Start live play by
clicking the play button in the AxIS software.

9. Allow the plate to equilibrate for ∼5 min.

10. Start a 30-min baseline recording by clicking ‘Start schedule’ in the Scheduled
Recording Setup panel.Gerber et al.
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We recommend measuring for 30 min during baseline recording, for statistical reasons.
By using a 30-min time window, a sufficiently large number of spikes and bursts can be
measured to reliably calculate any changes in activity. Furthermore, MEA data is known
to have oscillations in activity, and measuring activity for 30 min captures several of these
oscillations, which precludes measuring only a single maximum (or minimum) of oscil-
latory activity by chance in a too-narrow time window, which could then be erroneously
interpreted as an effect.

11. During baseline recording, prepare exposure solutions of the test compound(s) in
culture medium. Prewarm the exposure solutions to 37°C. It is advisable to test a
maximum of five conditions per plate, since this allows for eight replicates per con-
dition.

DMSO is toxic to the cells, and users should prepare working dilutions of the stock con-
centrations that ensure that the concentration of the solvent does not exceed 0.1% (v/v) in
the final exposure solution. For instance, a user should prepare a 1000× stock solution of
a test chemical in 100% DMSO (Strategic Planning). The user will then prepare (in this
step) a working dilution of 1:100 of the stock solution, in culture medium. This dilution
would now have 1% (v/v) DMSO. As can be seen in step 13, we typically add 55.5 μl of
that working dilution to each well (which already contains 500 μl, see Basic Protocol 1,
step 29), effectively diluting the test chemical solution once again, 10×. As such, the final
concentration of DMSO would be 0.1% (v/v).

Test conditions can include a concentration range covering five concentrations of the
same test compound, but can also be a single concentration of five different test com-
pounds, or anything in between, as long as you have eight replicates per condition.
In our laboratory, we test one compound per plate. Notably, for prioritization of large
numbers of chemicals for further testing, some researchers use four replicates per condi-
tion, although this is not recommended for establishing, for instance, concentration-effect
curves.

12. After ∼20 min of baseline recording, count the number of active electrodes per well
at the Spike Plots module. Each field here represents a single electrode. If the number
of active electrodes is less than four, do not expose the cells in this well to the test
compound(s), since such a low number of electrodes will hinder proper detection of
network bursts.

13. Make an exposure schedule (for an example, see Fig. 4). Since each plate is nor-
malized to the average of its own controls, make sure to include enough control
wells, in which the cell culture is exposed to a solvent (diluted just as the test com-
pounds), water, or medium control. If you will be using different compounds diluted
in different solvents, include sufficient control wells for each particular solvent. In
our experience, the number of control wells should preferably be eight, but six at a
minimum.

Figure 4 Example exposure diagram of a single MEA plate to five different conditions and one
solvent. This exposure diagram can be used in acute, subchronic, and chronic exposure experi-
ments.
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14. Start a 35-min exposure recording. Expose the culture by adding the appropriate
exposure solution to each well during the first 5 min of the exposure recording.

Adding small volumes of exposure solutions is preferred, since this limits (mechanical)
disturbance of the cells. In our laboratory, we generally add 55.5 μl of culture medium
with the desired test compound(s) and concentration(s) to each well (see step 11).

15. After the MEA measurement, close the AxIS software, and turn off the Maestro
MiddleMan and computer.

16. Determine cell viability using the Alamar Blue assay (see Support Protocol 3).

17. After the cell viability assay, clean the MEA plate as described in Support Protocol
1 and proceed to MEA data processing (Basic Protocol 3).

ALTERNATE
PROTOCOL 1

MEA MEASUREMENTS DURING SUBCHRONIC EXPOSURE

In this protocol, the user will perform MEA measurements during subchronic exposure of
rat cortical cells seeded on MEA plates (Basic Protocol 1) to a (set of) test compound(s).
These subchronic exposure experiments will show the impact of exposure to a test com-
pound(s) on neuronal function by recording spontaneous neuronal (network) activity at
various time points during subchronic exposure: after 30 min (to reveal any acute effects),
and after 24 and 48 hr exposure (to assess whether or not effects develop or aggravate
over time).

Subchronic exposure measurements will be performed on DIV 9-11, since at this de-
velopmental stage the neuronal networks exhibit a high and stable degree of activity
(Dingemans et al., 2016), including (network) burst behavior (Brown et al., 2016; Zwart-
sen et al., 2018). On DIV 9, users will perform a 30-min baseline MEA measurement,
followed by exposure to the test compound(s) under sterile conditions in a biological
safety hood to enable further culturing. Immediately after this exposure, users will per-
form another 30-min MEA measurement to determine acute effects. On DIV 10 (after 24
hr exposure) and DIV 11 (after 48 hr exposure), users will again perform 30-min MEA
measurements. After the MEA measurement on DIV 11, users will determine cell via-
bility (Support Protocol 3: “Determination of cell viability after MEA experiments”). To
ensure the robustness and reproducibility of MEA data, we recommend having a sample
size of at least 20 wells per condition, spread out over three MEA plates. At the end of
this protocol, the user will have MEA data output (.RAW files), which can be further
analyzed following Basic Protocol 3.

For materials, see Basic Protocol 2.

1. Record baseline spontaneous neuronal activity as described in Basic Protocol 2,
steps 1-10.

2. Prepare exposure solutions during baseline recording (see Basic Protocol 2, step 11).
Prewarm the exposure solutions to 37°C. It is advisable to test a maximum of five
conditions per plate, since this allows for eight replicates per condition.

For instance, test conditions can cover a range of five concentrations of the same com-
pounds, can be a single concentration of five different compounds, or anything in be-
tween, as long as you have eight replicates per condition. In our laboratory, we test one
compound per plate.

3. After ∼20 min of baseline recording, count the number of active electrodes per well
at the Spike Plots module. Each field here represents a single electrode. If the number
of active electrodes is less than four, do not expose the cells in this well to the test
compound(s), since such a low number of electrodes will hinder proper detection of
network bursts.Gerber et al.
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4. Make an exposure schedule (see Fig. 4; Basic Protocol 2, step 13). Since each plate is
normalized to the average of its own controls, make sure to include enough control
wells in which the culture is exposed to a solvent, water, or medium control, as
appropriate. In our experience, the number of control wells should be at least six,
but preferably eight.

5. Expose the culture by adding 55.5 μl of exposure solution to each well under sterile
conditions.

6. Wait 30 min and record the spontaneous neuronal activity again (see Basic Protocol
2, steps 1-10). This is timepoint ‘0.5 hr.’

7. After completing the MEA recording, close the AxIS software, turn off the Maestro
MiddleMan and computer, and incubate the exposed culture for 23 hr at 37°C, with
5% CO2 and 95% air atmosphere.

8. Record the spontaneous neuronal activity for 30 min (see Basic Protocol 2, steps
1-10). This is timepoint ‘24 hr.’ After the run, close the AxIS software, turn off the
Maestro MiddleMan and computer, and incubate the exposed culture for another
23.5 hr at 37°C, with 5% CO2 and 95% air atmosphere.

9. Record the spontaneous neuronal activity for 30 min (see Basic Protocol 2, steps
1-10). This is timepoint ‘48 hr.’

10. After the MEA measurement, close the AxIS software, and turn off the Maestro
MiddleMan and computer.

11. Determine cell viability using the Alamar Blue assay (see Support Protocol 3).

12. After the cell viability assay, clean the MEA plate as described in Support Protocol
1 and proceed to MEA data processing (Basic Protocol 3).

ALTERNATE
PROTOCOL 2

MEA MEASUREMENTS DURING CHRONIC EXPOSURE

In this protocol, the user will perform MEA measurements during chronic exposure of
rat cortical cells seeded on MEA plates (Basic Protocol 1) to a (set of) test compound(s).
These chronic exposure experiments investigate the effect of a prolonged exposure on
the development of spontaneous neuronal activity over time, i.e., developmental neuro-
toxicity. These chronic exposure experiments could, in principle, start at DIV 0, but in
our laboratory, we start measuring at DIV 7, since at this time, neuronal networks have
started developing and there is already spontaneous (network) activity (Dingemans et al.,
2016). On DIV 7, users will perform a 30-min baseline MEA measurement, followed by
exposure to the test compound(s). To ensure that the exposure concentration remains con-
stant over time, and to minimize disturbance to the cells, half medium changes will be
done after each MEA measurement. In these half medium changes, half of the medium
is removed from each well and replaced by fresh medium with the desired exposure con-
centration. Since the cells can be cultured and maintained for at least 28 days, exposures
and half medium changes are performed under sterile conditions in a biological safety
hood. On DIV 10, 14, 17, 21, and 24, users will again perform 30-min MEA measure-
ments followed by a half medium changes. On DIV 28, users will perform the last 30-min
MEA measurement, followed by a cell viability check (Support Protocol 3). To ensure
the robustness and reproducibility of MEA data, we recommend having a sample size
of at least 20 wells per condition, spread out over three MEA plates. At the end of this
protocol, the user will have MEA data output (.RAW files), which can be further analyzed
using Basic Protocol 3.

For materials, see Basic Protocol 2.
Gerber et al.
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1. Record the baseline spontaneous neuronal activity as described in Basic Protocol 2,
steps 1-10.

2. Prepare 2× exposure solutions during the baseline recording. Prewarm the exposure
solutions to 37°C.

Since only 50% of the medium will be replaced, for the first exposure, the concentration of
the exposure solution should be double the amount of the desired exposure concentration.
For example, if the intended exposure concentration is 1 μM, prepare a 2 μM exposure
solution.

3. After ∼20 min of baseline recording, count the number of active electrodes per well
at the Spike Plots module. Each field here represents a single electrode. If the number
of active electrodes is less than four, do not expose the cells in this well to the test
compound(s), since such a low number of electrodes will hinder proper detection of
network bursts.

4. Make an exposure schedule (see Fig. 4; Basic Protocol 2, step 13). Since each plate
is normalized to the average of its own controls, make sure to include enough control
wells in which the culture is exposed to a solvent, water, or medium control. In our
experience, the number of control wells should be eight at minimum for chronic
MEA experiments, since some of the control wells may lose activity during the 28
days culture.

5. After the baseline recording, remove the plate from the MEA Maestro.

6. Perform the half medium change. First, correct the volume in each well, since this
changes over time due to evaporation.

Note that the values for volume adjustment can be different for different types of plates
and laboratories. These volume adjustment values should thus be checked in advance.
See Strategic Planning for a detailed explanation on how to do this.

7. Carefully resuspend and remove 250 μl of the medium from each well.

8. Gently add 250 μl of the 2× exposure solution at the concentrations of interest to
the appropriate wells.

9. Place the 48-well MEA plate in a humidified incubator at 37° with 5% CO2. Wait
for 3 days, until DIV 10.

10. Start another 30-min recording as described in Basic Protocol 2, steps 1-10. After the
MEA measurement, close the AxIS software, and turn off the Maestro MiddleMan
and computer.

11. Prepare exposure solutions in culture medium. In this step, contrary to step 2, the
concentration of the exposure solution should be equal to the desired exposure con-
centration (i.e., 1×). Warm the exposure solutions to 37°C and keep at this temper-
ature until used.

12. Repeat steps 6-9.

13. At DIV 14, 17, 21, and 24, repeat steps 10-12.

14. At DIV 28, start another 30-min recording. After the MEA measurement, close the
AxIS software, and turn off the Maestro MiddleMan and computer.

15. Determine cell viability using the Alamar Blue assay (see Support Protocol 3).

16. After the cell viability assay, clean the MEA plate as described in Support Protocol
1 and proceed to MEA data processing (Basic Protocol 3).
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SUPPORT
PROTOCOL 3

DETERMINATION OF CELL VIABILITY AFTER MEA EXPERIMENTS

Combining acute (Basic Protocol 2), subchronic (Alternate Protocol 1), or chronic MEA
(Alternate Protocol 2) experiments with a fluorescence or colorimetric-based cell via-
bility assay (e.g., Alamar Blue assay, WST-1 assay, MTT assay) enables distinguish-
ing chemical-induced direct and functional neurotoxic effects from changes in neu-
ronal activity that result from cytotoxicity (Wallace, Strickland, Valdivia, Mundy, &
Shafer, 2015). The following protocol describes the evaluation of cell viability us-
ing the Alamar Blue assay, which is based on the reduction of the non-fluorescent,
cell-permeable resazurin to highly fluorescent resorufin. After the (final) MEA record-
ing is completed, the culture medium is replaced with prewarmed (37°C) Alamar
Blue cell viability working solution, and cells are incubated for 1.5 hr. Afterwards,
the Alamar Blue cell viability reagent is transferred to a transparent 96-well cul-
ture plate, and changes in cell viability can be assessed by measuring fluorescence.
We further describe how to analyze the resulting data. The results will be ex-
pressed as mitochondrial activity (% of control), which is an indirect measure of
viability.

Materials

48-well MEA plate from acute-, subchronic-, or chronic-exposure MEA
experiment (Basic Protocol 2, step 17, Alternate Protocol 1, step 10, or Alternate
Protocol 2, step 15, respectively)

25 μM Alamar Blue cell viability working solution (see recipe)

6- or 8-channel electronic pipettor (Integra Bioscience, Voyager)
Transparent 96-well plate suitable for the microplate reader
Microplate reader

Measuring metabolic activity
1. At the end of the MEA measurement, replace culture medium with 300 μl of Alamar

Blue cell viability reagent (25 μM).

2. Incubate the plate for 1.5 hr at 37°C with 5% CO2 and 95% air atmosphere.

Incubate the remaining Alamar Blue cell viability working solution for the same duration
and under the same conditions as the 48-well MEA plate, as it can be used later on as
blank control for the fluorescence measurement, to correct for background fluorescence.

3. Transfer 200 μl of the Alamar Blue cell viability working solution from each well
of the 48-well MEA plate to a well on a transparent 96-well culture plate. Include
a minimum of four wells for the blank control (which consists of Alamar Blue cell
viability working solution that has not been added to the 48-well MEA plate) per
96-well plate.

4. Measure fluorescence using a microplate reader (excitation 540 nm and emission
590 nm).

After the measurement, the 96-well plate can be discarded.

Data analysis
5. Determine the mean blank value and subtract this value from all other fluorescence

values.

6. Determine the mean and SD for the control values and exclude values exceeding mean
± 2×SD, since these can be considered outliers.

7. Normalize the fluorescence values for all wells to the mean fluorescence value of the
control by using the following equation:
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Fluorescence valueexposed well

Mean fluorescence valuecontrol
∗ 100 = mitochondrial activity (% of control)

Here, the mean control value is set to a metabolic activity of 100%.

8. If applicable, combine data from different plates.

9. For each condition, exclude values where the treatment ratio > mean ± 2×SD (for
their respective condition), since these can be considered outliers. Do not do this again
for control values as this has been performed already in step 6. The data is now ready
for statistical analysis.

An example of the resulting data can be observed in Understanding Results.

BASIC
PROTOCOL 3

MEA DATA PROCESSING

After the MEA recordings are completed (following Basic Protocol 2, Alternate Proto-
col 1, or Alternate Protocol 2), the Axion Integrated Studio (AxIS) software is used to
generate AxIS Spike files (.spk files) from the .RAW files for further data analysis.
In this step, a specific threshold is used to differentiate between spikes and background
noise. The .spk files can be loaded into the NeuralMetrics Tool. In this software, further
criteria are specified to identify bursts and network bursts in the recorded data. The Neu-
ralMetrics Tool generates.CSV files, which contain the raw values for each parameter for
each recording and will be used for analysis in Basic Protocol 4 (for acute and subchronic
exposure experiments) or Alternate Protocol 3 (for chronic exposure experiments).

Materials

Computer
Axion Integrated Studio (AxIS) software (Axion BioSystems; version 2.5.2)
Data from MEA experiments (.RAW files from Basic Protocol 2, Alternate

Protocol 1, or Alternate Protocol 2)
NeuralMetric Tool (Axion BioSystems; version 3.1.7)

Obtaining .spk files
1. Open the Axion software on the computer. Select the MEA output .RAW files that

need to be pre-processed by clicking File → New batch process. In the pop-up
screen, click Add → Select the files → OK.

It is possible to obtain .spk files from .RAW files one at a time, but generating .spk
files takes time and is more efficient when several .RAW files are processed in a batch.

2. Add a spike detection method. Right-click on the batch process, click on ‘Add pro-
cessing,’ and select ‘Spike Detector.’

3. In the pop-up screen (see Fig. 3B), use the method ‘Adaptive Threshold Crossing’
and set the threshold to the appropriate setting. Check the ‘Detect Only Crossings’
box. Set Coincident Event Removal to ‘none’ and ‘Spike counting interval’ to 1 s.
Set the output file to ‘AxIS Spike’ and start the batch process.

We have determined that, in our laboratory, the optimal threshold setting for primary rat
cortical neurons is 7 × standard deviation (SD) of the internal noise level with a pre/post-
spike duration of 3.6/2.4 ms for each electrode. Note that these threshold criteria depend
on the activity of the cells, and may need to be adjusted for different cell types. Selecting
‘Detect Only Crossings’ makes the signal return to below the threshold before detecting
an additional spike. Do not check the ‘Allow Sample Overlap’ box. Coincident Event
Removal is set to none, because the removal of coincident artifacts will be done at a later
point in the analysis process.
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Figure 5 Illustration depicting the NeuralMetrics Tool settings for spike, burst, and network burst
detection.

Spike train analysis with NeuralMetrics Tool

The .spk files generated can be analyzed by loading them into NeuralMetrics Tool (ver-
sion 3.1.7, Axion Biosystems). The settings typically used in the NeuralMetrics Tool can
be seen in Figure 5, but will also be explained in detail below.

4. Open the NeuralMetrics Tool on the computer.

5. Set the file segment to 600 s (acute experiment) or 1200 s (chronic experiment) from
the end of each measurement by selecting ‘End of File’ and setting the duration to
600 or 1200 s, respectively.

This will make sure that only the last 10 (for acute exposure experiments) or 20 (for
chronic exposure experiments) minutes of each recording (which is the most stable time-
frame for stable exposure effects; see Hondebrink et al., 2016) are used for the analysis.
For each new compound tested, check whether the exposure effect is stable or only tran-
sient (short-lasting) by comparing results from different timeframes (e.g., from the first 10
minutes versus minutes 10-20 versus the last 10 minutes). If a transient exposure effect is
found, a different optimal timeframe can be chosen by adjusting the time at ‘file segment.’

6. Set the Active Electrode Criterion to 6 spikes/min and check the box ‘Remove coin-
cident Artifacts,’ which are artificial spikes that are detected on multiple electrodes
at the exact same time and may occur due to environmental interference.

7. For burst parameters, select the same burst analysis settings as used during the MEA
recording.

In our laboratory, we use the Poisson Surprise, with a minimum surprise of 10. This is
a burst detection method that assumes neurons fire according to a Poisson distribution.
Bursts are identified by assessing the ‘surprise’ of observing a collection of spikes at
a given period of time compared to the expected collection of spikes under a Poisson
distribution in that period of time. A higher minimum surprise will decrease the number
of bursts identified (see Legendy & Salcman, 1985, for more information).

8. Select ‘Adaptive’ under Network Burst. This separates the spikes by a maximum
interval set automatically on a well-by-well basis based on the mean spike rate for
each well. Set the minimum number of spikes (Min # of Spikes) to 40, and the
minimum of electrodes per well (Min Electrodes (%)) to 15%.

9. For Synchrony Parameters, set the synchrony window at 20 ms and additional syn-
chrony metrics to ‘none.’ Gerber et al.
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10. Since there is no evoked stimulation, do not change any settings for stimulation
parameters.

11. Select the files that need to be loaded into NeuralMetrics Tool by clicking File →
Batch process multiple files. In the pop-up screen, click OK after making sure the
analysis and parameters settings are correct. In the next pop-up screen, click ‘Add
Files’ to select the files. Make sure to set the timeframe in the pop-up screen to
600 s (for acute experiments) or 1200 s (for chronic experiments) from the end of
each measurement. From the export options, select ‘Export Recommended Metrics
to CSV.’

12. Start the NeuralMetrics Tool process by clicking ‘Run Batch.’

The NeuralMetrics Tool produces .CSV files, which will be used in Basic Protocol 4
(for acute and subchronic exposure experiments) or Alternate Protocol 3 (for chronic
exposure experiments).

BASIC
PROTOCOL 4

ANALYZING MEA EXPERIMENTS AFTER ACUTE AND SUBCHRONIC
EXPOSURE

For acute and subchronic MEA experiments, the .CSV files are combined into burst
macro files using, for instance, a custom-made Excel macro. In this burst macro, the raw
values for baseline and exposure recordings are grouped per condition. This step and the

Figure 6 Schematic diagram showing the different steps in the data analysis procedure for acute
and subchronic MEA experiments. NoSP, number of spikes. NoB, number of bursts. NoNB, number
of network bursts. SD, standard deviation.
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final pre-processing steps before statistical analysis, including normalization to control,
combining experiments, and outlier analysis, are shown in Figure 6 and will be explained
in detail below. At the end of this protocol, the user will have treatment ratios (defined as
% change to control) for each specific parameter measured, which will show the effect
of the exposure to the test compound(s) on neuronal activity. These treatment ratios can
be used in statistical analyses and, for example, for concentration-response fitting.

Materials

Output from NeuralMetric Tools (.CSV files, from Basic Protocol 3)

1. The NeuralMetric Tool calculates the parameters of interest (see Table 1 for more
information per parameter) per well prior to exposure (baseline activity) and after
exposure. These values can be found in the .CSV files generated in Basic Protocol 3.
Use these values to calculate a paired-comparison for each well. For each parameter
of interest and each well, take the value at parameterexposure, divide this by the value
at parameterbaseline, and multiply by 100. This expresses the parameterexposure as a
percentage change compared to the parameterbaseline, and is the treatment ratio per
well. In our lab, we do this paired-comparison with a custom-made Excel macro.

We advise the user to first check the parameters that reflect the number of spikes and bursts,
since these give a good overall indication of (changes in) general neuronal activity. After-
wards, look at number of spikes per (network) burst, mean inter-spike-interval (ISI) within
a (network) burst, and (network) burst duration, since these are indicators of (network)
burst structure and intensity. To check spike and (network) burst regularity, look at the ISI
and the network inter-burst-interval IBI coefficient of variation, respectively. Finally, the
user can check network synchronicity by looking at number of network bursts, (network)
burst percentage, area under the normalized cross-correlation, and full width at half height
of the normalized cross-correlation. For more information on MEA parameters, see Cot-
terill et al. (2016); Kosnik et al. (2020), Frank, Brown, Wallace, Mundy, & Shafer (2017);
Mack et al. (2014).

2. Exclude wells with less than four bursting electrodes in the baseline recording.

3. Sort all treatment ratios per concentration per test compound.

4. Remove outliers in the control values (value > mean ± 2×SD) and set the average
control treatment ratio to 100% (which constitutes no change compared to baseline).

5. Normalize the treatment ratios of individual exposed wells to the average treatment
ratio of the control wells.

Consider excluding parameter values where the treatment ratio is greater than the mean
± 2×SD (for their respective condition) of each respective parameter, since these can
be considered outliers. Do not do this for the control values, as this has already been
performed in step 4. The data is now ready for concentration-response fitting, for example,
to derive IC50 values and benchmark response values, and for statistical analysis.

An example of the resulting data can be found in Understanding Results.

ALTERNATE
PROTOCOL 3

ANALYZING MEA EXPERIMENTS AFTER CHRONIC EXPOSURE

For chronic MEA experiments that last up to DIV 28 (Alternate Protocol 2), the Neural-
Metrics Tool process described in Basic Protocol 3 produces .CSV files for seven dif-
ferent measurements (time points). The user will need to combine the output files from
these seven measurements, after which the final pre-processing steps before statistical
analysis, including normalization to time-matched control, combining experiments, and
outlier analysis, can be done. At the end of this protocol, the user will obtain treatment
ratios (defined as % change to time-matched control) for each specific parameter mea-
sured, which will show the effect of the exposure to the test compound(s) on neuronal Gerber et al.
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Table 1 Definition of the Most Important Parameters Typically Measured During MEA Recordings (also see
Basic Protocol 4)

Category Metrics parameters Description

Spike
parameters

Number of spikes
ISI coefficient of variation

Total number of spikes over the duration of the
analysis
Standard deviation ISI (time between spikes)
divided by the mean ISI. Measure for spike
regularity: 0 indicates perfect spike distribution,
>1 indicates bursting

Burst
parameters

Number of bursts Total number of bursts over the duration of the
analysis

Burst duration Average time from the first spike in a burst till the
last spike (s). Longer bursts indicate more
excitation, as it takes longer to shut down a burst.

Number of spikes per burst Average number of spikes occurring in a burst

Mean inter-spike interval
(ISI) within burst

Mean inter-spike interval within a burst (s).
Smaller values indicate more intense bursts.

Inter-burst interval (IBI) Time between the last spike of a burst and the first
spike of a subsequent burst (s)

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
parameters

Number of network bursts Total number of network bursts over the duration
of the analysis

Network burst duration Average time from the first spike till the last spike
in a network burst (s). Longer bursts indicate more
excitation as it takes longer to shut down a burst.

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)

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 a
regular interval and increases when bursts occur
more sporadically

Synchronicity
parameters

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
synchronized the network.
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activity. These treatment ratios can be used in statistical analysis and, for example, for
concentration-response fitting.

Materials

Output from NeuralMetric Tools (.CSV files from Basic Protocol 3)

1. The NeuralMetric Tool calculates the parameters of interest per well for each time-
point measured. These values can be found in the.CSV files generated in Basic Proto-
col 3. Each .CSV file contains the raw values for all parameters measured at a specific
timepoint. Combine the values from all seven .CSV files to obtain a file that contains
the raw values per parameter from all timepoints, grouped by condition. In our lab,
we do this with a custom-made Excel macro, but any way of combining the values is
appropriate.

2. Exclude wells with less than four bursting electrodes in the baseline recording.

3. Determine the mean and SD for the raw values of the control per parameter measured
during the MEA recordings per time point and exclude values > mean ± 2×SD (of
their respective timepoint), since these can be considered outliers.

4. For each parameter, normalize the raw values per time point to their time-matched
average control value to obtain treatment ratios.

5. Set the time-matched average control treatment ratios to 100% (which constitutes no
change compared to baseline).

6. For each parameter, exclude exposure values in which the treatment ratio is greater
than the mean ± 2×SD (of their respective timepoint), since these can be considered
outliers. Do not do this again for control values, as this has been performed already
in step 3. The data is now fit for statistical analysis.

An example of the resulting data can be found in Understanding Results.

REAGENTS AND SOLUTIONS

Alamar Blue cell viability reagent (5 mM)

Add 1 g of resazurin sodium salt (Sigma-Aldrich, cat. no. 199303) to 40 ml of
phosphate-buffered saline (PBS; GibcoTM, cat. no. 10010-023), resulting in a stock
solution of 100 mM. To make the 5 mM Alamar Blue cell viability reagent, further
dilute the stock solution 1:20 by adding 10 ml of the stock solution to 190 ml PBS.
Prepare 5-ml aliquots of the Alamar Blue cell viability reagent and store protected
from light at 4°C.

Alamar Blue cell viability working solution (25 μM)

Prepare a 1× dilution of 10× Hanks’ Balanced Salt Solution (GibcoTM, cat. no.
14065-049) with sterile laboratory-grade water. Dilute the 5 mM Alamar blue cell
viability reagent (see recipe) 1:200 with 1× Hanks’ Balanced Salt solution to make
an Alamar Blue Cell Viability working solution of 25 μM.

For a cell viability assay for one 48-well MEA plate, it is sufficient to prepare 20 ml of 25
μM Alamar Blue cell viability working solution, consisting of 19.9 ml Hanks’ Balanced Salt
solution (1×) and 100 μl 5 mM Alamar Blue Cell Viability Reagent.

Borate buffer (24 mM sodium borate/50 mM boric acid; pH 8.4)

Dissolve 3.1 g boric acid (Sigma-Aldrich, cat. no. B6768) and 4.75 g sodium tetrabo-
rate (Sigma-Aldrich, cat. no. 221732) in 1 L sterile laboratory-grade water by stirring
for 3 hr at 60°C using a magnetic stirrer. Adjust pH to 8.4 with hydrochloric acid.
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Culture medium

Reagent Supplier Volume
required

Final
concentration

Neurobasal-A medium
(phenol red-free)

GibcoTM, cat. no.
12349-015

450 ml

Sucrose (28 g/100 ml; see
recipe)

Sigma-Aldrich, cat. no.
S8501

50 ml 14 g
sucrose/500
ml

l-Glutamine (200 mM) GibcoTM, cat. no.
25030-024

1.25 ml 0.5 mM

Penicillin-streptomycin
(5000 U/ml)

GibcoTM, cat. no.
15070-063

5 ml 50 U/ml

B27 Plus Serum-Free
Supplement (50×)

GibcoTM, cat. no.
A35828-01

10 ml 1×

After preparing, sterilize the solution by filtration using a 250-ml vacuum filter system
(Corning, cat. no. 431096)

Preferably, culture medium should be prepared fresh, but it can be stored for 2 weeks at 4°C.

Dissection medium
Reagents Supplier Volume

required
Final
concentration

Neurobasal-A medium
(phenol red-free)

GibcoTM, cat. no.
12349-015

450 ml

Sucrose (28 g/100 ml; see
recipe)

Sigma-Aldrich, cat. no.
S8501

50 ml 14 g
sucrose/500
ml

l-Glutamine (200 mM) GibcoTM, cat. no.
25030-024

1.25 ml 0.5 mM

Penicillin-streptomycin
(5000 U/ml)

GibcoTM, cat. no.
15070-063

5 ml 50 U/ml

B27 Plus Serum-Free
Supplement (50×)

GibcoTM, cat. no.
A35828-01

10 ml 1×

Glutamate solution (3.5 mM;
see recipe)

Sigma-Aldrich, cat. no.
49621

5 ml ∼35 μM

After preparing, sterilize the solution by filtration using a 250-ml vacuum filter system
(Corning, cat. no. 431096).

Preferably, dissection medium should be prepared fresh, but it can be stored for 2 weeks at
4°C.

Glutamate solution (3.5 mM)

Dissolve 131 mg l-glutamic acid monosodium salt monohydrate (Sigma-Aldrich, cat.
no. 49621) in 200 ml sterile water. After preparing, sterilize the solution by filtration
using a 250-ml vacuum filter system (Corning, cat. no. 431096). Glutamate solution
can be stored for 6 months at 4°C.

Polyethyleneimine solution, 0.1%

Dissolve 500 μg of 50% (w/v) polyethyleneimine (PEI; Fluka, cat. no. P3143) in
250 ml borate buffer (see recipe) and filter sterilize using a 250-ml vacuum filter
system (Corning, cat. no. 431096).

PEI 50% is very viscous and not easy to pipette. We recommend cutting off the pipette tip and
weighing 500 μg instead of pipetting 500 μl. To weigh, use a microcentrifuge tube where the
lid and the bottom have been cut off. Afterwards, dissolve the PEI by adding the microcen-
trifuge tube to a glass beaker containing 250 ml borate buffer and using a magnetic stirrer.
After preparing, sterilize the solution by filtration using a 250-ml vacuum filter system. The
0.1% PEI solution can be stored for 4 weeks at 4°C.
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Sucrose (28 g/100 ml)

Dissolve 28 g sucrose (Sigma-Aldrich, cat. no. S8501) in 100 ml Neurobasal-A
medium (GibcoTM, cat. no. 12349-015), minus phenol red. After preparing, steril-
ize the solution by filtration using a 250-ml vacuum filter system (Corning, cat. no.
431096). Sucrose solution can be stored for 2 months at 4°C.

COMMENTARY

Background Information
Neurotoxicity refers to adverse changes in

the structure or function of the nervous system
due to exposure to chemicals, drugs, environ-
mental pollutants, or endogenous molecules,
and is of significant public concern (Costa
et al., 2014; U.S. Environmental Protection
Administration, 1998; Grandjean & Landri-
gan, 2006). Current testing guidelines from,
for example, the Organisation for Economic
Co-operation and Development (OECD) or
U.S. Environmental Protection Agency (EPA),
for hazard characterization of adult and de-
velopmental neurotoxicity still largely rely on
in vivo animal experiments evaluating neu-
robehavioral changes in motor, sensory, and
cognitive function, as well as neuropathol-
ogy (Bal-Price et al., 2008; for an overview,
see Moser, 2011). Besides ongoing ethical de-
bate about the high number of animals needed
for such assays, the high costs and time re-
quirements (up to 2 years to complete an in
vivo neurodevelopment study) of these studies
makes it untenable to use them for the screen-
ing of large numbers of chemicals (Bal-Price
et al., 2008; Crofton, Mundy, & Shafer, 2012),
which has promoted the widespread use of in
vitro assays. Common in vitro assays to assess
neurotoxicity, however, are often very target-
specific and/or based on biochemical or mor-
phological endpoints. For instance, in vitro
screening assays for important processes often
cover endpoints like gene expression (Hog-
berg, Kinsner-Ovaskainen, Hartung, Coecke,
& Bal-Price, 2009), neurite outgrowth (Ra-
dio & Mundy, 2008; Radio, Breier, Shafer, &
Mundy, 2008), synaptogenesis (Harrill, Robi-
nette, & Mundy, 2011), and ion channel func-
tion (Accardi et al., 2016). While undoubt-
edly relevant, such endpoint-specific measure-
ments often lack important functional aspects
of the nervous system as a whole and fail to
detect, for example, disturbances in network
connectivity and synchronicity (see Current
Protocols article: Bradley & Strock, 2019; also
see Robinette et al., 2011). Although these as-
says can have a complementary role in studies
on hazard characterization (Bal-Price 2010),
integrated approaches, such as MEA record-

ings that assess activity, functionality, and syn-
chronicity of neuronal networks, are desirable.

In addition to MEA recordings, com-
mon techniques to detect changes in neu-
ronal function include Ca2+ imaging, intra-
cellular recording by the patch clamp tech-
nique, or extracellular recording in hippocam-
pal brain slices (Authier et al., 2016; Bradley,
Luithardt, Metea, & Strock, 2018; Easter,
Sharp, Valentin, & Pollard, 2007). Although
well accepted, these techniques are often also
too endpoint-specific, require extensive train-
ing and expertise, are chemically or me-
chanically invasive (thereby precluding long-
term measurements), and/or lack the required
throughput to be applicable as screening meth-
ods for hazard identification and characteriza-
tion (Tukker et al., 2020a).

Assessment of neuronal (network) func-
tion using MEA recordings can bypass many
of the limitations mentioned above. MEA
recordings cover the entire neuronal network-
specific functionality, for example, electrical
activity, receptor and ion channel activation,
synaptogenesis, neurotransmission, excitotox-
icity, enzyme activity, and network formation
and function (Bal-Price et al., 2010b; John-
stone et al., 2010). Further, MEA recordings
permit simultaneous, non-invasive recordings
of extracellular field potentials over a long
period (up to 4-5 weeks) (Johnstone et al.,
2010; Potter & DeMarse, 2001). Comparison
of baseline to post-exposure neuronal activ-
ity patterns enables assessing changes induced
by test compounds on several levels of neu-
ronal function and at multiple time points af-
ter exposure, thereby allowing the study of the
effects of acute, subchronic, and chronic ex-
posures. Further, the development of multi-
well microelectrode arrays makes it possible
to test multiple compounds or concentrations,
including several replicates and an appropriate
number of controls in one experiment.

In this article, we describe a medium-
throughput in vitro method to screen com-
pounds for hazard identification and character-
ization in the context of neurotoxicology re-
search. This approach uses rat primary corti-
cal cultures, which resemble the in vivo brain
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as closely as possible (Authier et al., 2016;
Charlesworth et al., 2015; Chiappalone et al.,
2007; Tukker et al., 2020b). Compared to pre-
viously published protocols, our model in-
cludes cortical neurons and supportive cells
that cover functional perturbations resulting
from test compound−induced direct or indi-
rect molecular effects. Furthermore, we de-
scribe in detail how to apply this approach to
study distinct acute, subchronic, and chronic
(developmental) exposure scenarios.

Critical Parameters

PEI coating
PEI coating creates a matrix on the surface

of the electrode array ensuring cell adhesion
and robust neurite outgrowth, which is criti-
cal for the development of a healthy neural
network. The 48-well MEA plates must be al-
lowed to dry completely (overnight) after the
PEI coating and rinse steps, to enable seed-
ing the cells in a droplet. Ideally, PEI coat-
ing of MEA plates should take place the week
before cell isolation, to ensure that the wells
are completely dry. In our laboratory, 0.1%
PEI−coated 48-well MEA plates are air-dried
and stored in a regular cupboard. To avoid bac-
terial, fungal, or other contamination, make
sure the 0.1% PEI−coated 48-well MEA plate
is covered with the lid at all times. Plates can
be stored at room temperature for a maximum
of 2 weeks before use. Longer storage impairs
the PEI coating, which may cause cells to ag-
glomerate rather than form a uniform mono-
layer over the electrode array.

Dissection and isolation of rat primary
cortical cells

The dissection and subsequent cell isola-
tion should be performed rapidly and unin-
terruptedly to avoid bacterial, fungal, or other
contamination, or increased cell mortality.
Therefore, preparing the working area before
starting the dissection is essential. As soon as
the cells are in suspension, they can be kept for
a short period (10-20 min) in the water bath at
37°C to prepare the seeding step. Resuspend
the cells gently and avoid intense pipetting or
introduction of bubbles, since these will dam-
age the cells.

Medium change
During medium change, particularly on

DIV 4, carefully remove the dissection
medium, taking care not to remove the cells as
well. Add prewarmed culture medium using
a low dispense speed, to avoid disturbing the
neuronal network.

Medium evaporation
As the medium is refreshed using half

medium changes, consider that maintaining
the cells for chronic experimental setups
requires adjustment of the evaporated vol-
ume. A higher volume evaporates from the
outer—compared to the inner—wells. The
exact evaporation volume should be deter-
mined beforehand and for the specific types
of plates and incubators used, since there may
be inter-laboratory differences (see Strate-
gic Planning). Not adjusting for the evapora-
tion volume will result in a lower volume of
the culture medium over prolonged culture,
which subsequently increases the concentra-
tion of supplements as well as of any test
compound(s).

Non-test compound−induced responses
Neuronal activity is sensitive to electrolyte

changes in the medium. Therefore, it is rec-
ommended to keep the percentage of solvents
(DMSO, PBS, sterile laboratory-grade water)
in the final volume at or below 0.1% (v/v) after
the stock concentration has been dissolved in
medium.

Exposure to test compound(s) can induce
a mechanical response in the first minutes
following application. Therefore, for acute-
exposure MEA experiments, the first 5 min
of the recording should not be used for data
analysis. Further, it is important to check for
the optimal effect window using the Neural-
Metrics Tool. In case a test compound induces
a transient response within the 30 min after
exposure, due, for example, to rapid receptor
desensitization, the time window for the data
processing needs to be adjusted accordingly.

Sample size
To ensure the robustness and reproducibil-

ity of MEA data, we recommend having a
sample size of at least 20 wells per condi-
tion, spread out over three MEA plates. Most
preferably, these experiments should be done
using three different cortical cultures to avoid
“batch effects” such as differences in seeding
or less viable cell cultures. For prioritization
purposes, a smaller sample size can be suffi-
cient, although it is most likely less reliable.

Troubleshooting
Table 2 lists some common problem that

users may face when culturing rat primary
cortical cultures and performing subsequent
MEA experiments, and potential solutions
(see Table 2).
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Table 2 Troubleshooting Guide for Culturing of Rat Primary Cortical Cultures and MEA Experiments

Problem Possible cause Solution

Insufficient active
electrodes per well

Unsatisfactory coupling
between electrodes and
cells

When handling the 48-well MEA
plates, make sure that the electrodes
within the wells are not touched

With use, the electrodes
wear out

Reuse 48-well MEA plates max.
2-3 times

Low neuronal (network)
activity, possibly due to an
unsatisfactory coupling
between electrodes and
cells

Deficient PEI coating,
rinsing, or drying

Ensure that PEI drop is on the
electrode array during coating, that
each well is rinsed at least 4 times
with sterile water, and that 48-well
MEA plates are completely dry
when seeding the cells

Insufficient cell density
per 48-well MEA plate

Check cell counting

When replacing the entire medium
on DIV 4, take care not to aspirate
cells or to destroy the neuronal
network

Increased cell mortality Dissect the cortices and isolate the
cells as quickly as possible, as
extended processing times increase
cell mortality rate

Unequal distribution of
neuronal activity
throughout the 48-well
MEA plate

Unequal seeding of
primary cortical cells

During seeding, keep remaining
cells in suspension by
carefully—but constantly—shaking
the tube.

When replacing the entire medium
on DIV 4, take care not to aspirate
cells or to destroy the neuronal
network

Low reproducibility across
wells causing high SDs

Poor cell culture,
differences in seeding
between wells, or bad
plates

Perform the experiment on multiple
plates derived from multiple cell
cultures to increase sample size and
avoid batch and plate effects

Parameter goes to zero
after treatment, resulting
in abnormal SDs

Treatment causes
complete inhibition

Some parameters (such as number
of spikes and bursts) are measured
directly on the MEA and can still
be used. Other parameters (such as
inter-spike and inter-burst-interval)
are, however, dependent on these
parameters and are technically
undefined when the parameter they
are derived from goes to zero.
Exclude these parameters if this
problem arises. For example, the
parameter ‘number of spikes’ can
go to zero after treatment, but
‘inter-spike-interval,’ which is
derived from the timestamps at
which spikes are found, is
undefined when there are no spikes.

(Continued)
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Table 2 Troubleshooting Guide for Culturing of Rat Primary Cortical Cultures and MEA Experiments,
continued

Problem Possible cause Solution

Difficulties with detecting
spikes and bursts

High signal-to-noise ratio Compare different spike detection
thresholds and NeuralMetrics Tool
settings to see which settings work
best

No detection of immediate
acute effects

Effect occurs outside the
chosen analysis time
window

Compare different analysis time
windows to see which time window
can detect the desired effects

Data not normally
distributed

Using treatment ratios
normalized to control

Choose your statistical analysis
method with care and consider
using non-parametric tests

Figure 7 Concentration-response curves for alpha-cypermethrin on rat cortical cells as mea-
sured during acute MEA experiments, with IC50 values for number of spikes (left), bursts (middle),
and network bursts (right). Effects are depicted as average % change of control (solvent control
set to 100%) ± SEM from n = 34-41 wells.

Understanding Results
After performing the steps in Basic Pro-

tocol 4 (for acute and subchronic experi-
ments), Alternate Protocol 3 (for chronic ex-
periments), and Support Protocol 3 (for cell
viability experiments), the data is ready for
statistical analysis. Carefully choose a statis-
tical analysis method that fits the data, since
MEA data are often not normally distributed
and, thus, do not pass the criteria for para-
metric tests. Moreover, the analysis method
may differ depending on the conditions that
were tested (e.g., a one-way ANOVA when
only testing a concentration-effect for a sin-
gle test compound, or a repeated-measures
ANOVA when performing a chronic experi-
ment). Some example data are shown below.
For clarity and simplicity, we show only the
number of spikes, bursts, and network bursts
for the MEA data. The replicates shown in
each data example are the number of wells
per concentration, derived from multiple MEA
plates.

Acute MEA experiments
Plotting the treatment ratios for each dif-

ferent concentration of a test compound for

a given parameter results in a concentration-
response curve. Figure 7 shows concentration-
response curves for the number of spikes (left),
bursts (middle), and network bursts (right)
during acute exposure to different concentra-
tions (0.01-100 μM) of the neurotoxic insecti-
cide alpha-cypermethrin. Alpha-cypermethrin
shows a concentration-dependent inhibition
for all parameters shown here, in line with pre-
vious results (Dingemans et al., 2016).

Such concentration-response curves, ob-
tained for different compounds could be used
for calculations of, for example, IC50 values,
to determine the rank order potency of a set of
test compounds.

Chronic MEA experiments
Figure 8 shows the mean count per well for

the number of spikes (left), bursts (middle),
and network bursts (right) over time after ex-
posure to solvent (DMSO), to illustrate the de-
velopment of neuronal activity under control
conditions. Neuronal activity increases until
DIV 10, after which activity remains fairly
constant or increases only gradually over time.

Figure 9 shows the treatment ratios for
the number of spikes (left), bursts (mid-
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Figure 8 Curves depicting the development of neuronal activity after exposure to solvent control
(0.1% DMSO) for number of spikes (left), bursts (middle), and network bursts (right) over time as
measured during chronic MEA experiments. Effects are depicted as mean ± SEM from n = 44-48
wells.

Figure 9 Concentration-response relationships for Bisphenol A for number of spikes (left), bursts
(middle), and network bursts (right) over time as measured during chronic MEA experiments. Ef-
fects are depicted as average % change of time-matched control (solvent control set to 100%) ±
SEM from n = 19-31 wells.

Figure 10 Cell viability at DIV 28 after chronic exposure from DIV 7-28 to different concentrations
of Bisphenol-A. Effects are depicted as average % of control (solvent set to 100%) ± SEM from n
= 30-32 wells. The dotted line indicates 100% cell viability.

dle), and network bursts (right) after chronic
exposure from DIV 7-28 to different concen-
trations (0.01-100 μM) of the environmen-
tal pollutant bisphenol-A (BPA). The treat-
ment ratios shown here for chronic MEA
experiments are normalized to their time-
matched controls. This means that a treat-
ment effect does not necessarily reflect a
change in neuronal activity over time, but
a change in neuronal activity compared to
control development at that time point. For

0.01 μM BPA, treatment ratios remain close
to 100% of control, indicating that chronic
exposure has little effect. At higher con-
centrations (0.1-10 μM), BPA increases neu-
ronal activity in a time- and concentration-
dependent manner. Interestingly, exposure to
the highest concentration of BPA (100 μM)
induces a sharp decrease in neuronal activ-
ity, which slowly recovers over time and is
most pronounced for the number of spikes and
bursts. Gerber et al.
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Table 3 Time Required for Preparatory Work Steps, Generation and Maintenance of Rat Primary Cortex
Cultures, Different Types of MEA Experiments, Subsequent Cell Viability Assay, and Data Analysis

Stage Objective Active time Total time

Preparation of
48-well MEA plates

Pretreatment 30 min 3-5 day, with overnight incubation

Washing procedure 2 hr 3 day, with overnight incubation

PEI coating 2 hr 1 day, with overnight drying

Cell culture Generation and seeding of
primary cortical culture

1.5 hr 4 hr, including incubation until cells
attach and addition of medium

Medium change on DIV 4 1 hr 1.5 hr, with preparation and
prewarming of medium

MEA experiments Acute exposure 2 hr 2 hr

Subchronic exposure 3 hr 2 days, with MEA recordings after
24 hr and 48 hr exposure

Chronic exposure 10 hr 21 days, with MEA recording on
DIV 7, 10, 14, 17, 21, 24, and 28,
and seven half-medium changes

Cell viability assay Alamar Blue assay 30 min 2 hr, with incubation for 1.5 hr

Data analysis Acute MEA experiment 1 hr 3 hr, with obtaining .spk files and
generation of NeuralMetric files

Subchronic MEA
experiment

2 hr 5 hr, with obtaining .spk files and
generation of NeuralMetric files

Chronic MEA experiment 1 hr 5 hr, with obtaining .spk files and
generation of NeuralMetric files

Cell viability assay 30 min

Cell viability experiments
Figure 10 shows the effect of chronic expo-

sure from DIV 7-28 to different concentrations
(0.01-100 μM) of the environmental pollutant
bisphenol-A (BPA) on cell viability at DIV
28. Cell viability can be indirectly assessed
by measuring the effects of BPA on mitochon-
drial activity, as described in Support Protocol
3. Exposure to 0.01-10 μM BPA did not affect
mitochondrial activity, while exposure to 100
μM BPA resulted in a small decrease in mito-
chondrial activity, thus indicating a decrease
in cell viability.

Time Considerations
The time it takes to perform an entire exper-

iment, including preparatory work, culturing
the cells, and the MEA measurements, ranges
from 4 weeks for acute and subchronic expo-
sure experiments to 7 weeks for chronic ex-
posure experiments. Table 3 describes rela-
tive time considerations for the generation and
maintenance of rat primary cortical cultures
on MEA plates, performing MEA experiments
for acute, subchronic, and chronic exposure
scenarios and of the cell viability assay, and
data processing.
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