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Abstract

Seizure liability remains a significant cause of attrition throughout drug development. Advances in stem cell biology coupled with an
increased understanding of the role of ion channels in seizure offer an opportunity for a new paradigm in screening. We assessed
the activity of 15 pro-seizurogenic compounds (7 CNS active therapies, 4 GABA receptor antagonists, and 4 other reported
seizurogenic compounds) using automated electrophysiology against a panel of 14 ion channels (Nav1.1, Nav1.2, Nav1.6, Kv7.2/7.3,
Kv7.3/7.5, Kv1.1, Kv4.2, KCa4.1, Kv2.1, Kv3.1, KCa1.1, GABA a1b2c2, nicotinic a4b2, NMDA 1/2A). These were selected based on linkage to
seizure in genetic/pharmacological studies. Fourteen compounds demonstrated at least one “hit” against the seizure panel and 11
compounds inhibited 2 or more ion channels. Next, we assessed the impact of the 15 compounds on electrical signaling using
human-induced pluripotent stem cell neurons in microelectrode array (MEA). The CNS active therapies (amoxapine, bupropion,
chlorpromazine, clozapine, diphenhydramine, paroxetine, quetiapine) all caused characteristic changes to electrical activity in key
parameters indicative of seizure such as network burst frequency and duration. The GABA antagonist picrotoxin increased all
parameters, but the antibiotics amoxicillin and enoxacin only showed minimal changes. Acetaminophen, included as a negative
control, caused no changes in any of the parameters assessed. Overall, pro-seizurogenic compounds showed a distinct fingerprint in
the ion channel/MEA panel. These studies highlight the potential utility of an integrated in vitro approach for early seizure prediction
to provide mechanistic information and to support optimal drug design in early development, saving time and resources.
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CNS toxicity account for around 25% of failures across the spec-
trum of drug discovery and development and is the most fre-
quently cause of safety failure in clinical development, a phase
where consequences are higher in terms of resources and patient
impact (Cook et al., 2014; Morgan et al., 2018). Of the CNS issues
encountered, seizures and tremors are frequent, accounting for
67% and 65% of CNS-related observations in preclinical studies,
respectively (Authier et al., 2016). Confirming this, the seizures/
convulsions that were reported in patients for drugs approved in
Japan were not identified during preclinical studies (Nagayama,
2015). Compounds associated with seizure liability span a wide
variety of pharmacological classes, chemical classes, and therapy
areas including cardiovascular, gastrointestinal, respiratory, and
inflammation as well as drugs intended to treat the CNS itself
(Aagaard and Hansen, 2013; Cook et al., 2014; Easter et al., 2009;
Walker et al., 2018). CNS adverse drug reactions may be particu-
larly prevalent in compounds that are designed to penetrate the
blood-brain barrier to reach their primary target (Aagaard and
Hansen, 2013).

Seizures are characterized by periods of excessive neuronal
firing and uncontrolled hyperexcitability. Significant effort is
expended in preclinical safety assessment to identify and

mitigate this potentially serious side effect (Authier et al., 2016;
Easter et al., 2009; Redfern et al., 2008). Currently, the detection of
seizures is reliant upon observations in preclinical rodent and
nonrodent studies intended to support clinical trials (Easter et al.,
2009; Nagayama, 2015) or studies conducted late in nonclinical
development that have little impact on the design and optimiza-
tion of pharmaceutical compounds. These could be CNS related
signs such as tremors or other abnormal movements, requiring a
follow-up electroencephalogram study. Additionally, stand-alone
safety pharmacology studies test relatively low doses, so these
studies rarely identify adverse drug reactions suggestive of poten-
tial seizure liability risk at higher doses. As such, the primary
source of data for seizure liability generally comes from acute
and repeat-dose toxicity studies (which include groups at or near
the maximum tolerated dose) when either overt convulsions or
premonitory clinical signs of convulsions are noted.

Some progress has been made in seizure detection using auto-
mated video systems that record and analyze animal movements
(Yip et al., 2019), and a lot of effort has been invested in developing
screening methods that could be used earlier in drug discovery
such as the hippocampal brain slice (Easter et al., 2007) or zebrafish
larval locomotor assays (Khan et al., 2017; Winter et al., 2008).

VC The Author(s) 2023. Published by Oxford University Press on behalf of the Society of Toxicology. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com

article

Toxicological Sciences, 2023, 196(1), 126–140

https://doi.org/10.1093/toxsci/kfad087
Advance Access Publication Date: August 26, 2023

Research article

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/196/1/126/7252272 by guest on 24 January 2024

https://orcid.org/0000-0002-7763-7558


However, there are concerns regarding the translation of rodent
and zebrafish data to humans. Additionally, the hippocampal slice
is of limited throughput. It would be far preferable to have an ear-
lier, higher throughput, human-based model for the prediction of
seizure risk that could be used to identify and eliminate liabilities
early in discovery, whereas there are still options for the medicinal
chemists making potential new drugs.

We previously proposed that advances in stem cell biology
coupled with an increased understanding of the role of neuronal
ion channels in seizure offered a new paradigm in seizure screen-
ing, similar to that used for cardiac arrythmia (Roberts et al.,
2021; Rockley et al., 2019). Specifically, attrition due to cardiac
adverse drug reactions has benefited from assessment of cardio-
toxicity in human-induced pluripotent stem-cell-derived (hiPSC)
cardiomyocytes and routine screening against cardiac ion chan-
nels, allowing for optimization of medicinal chemistry away from
these liabilities (Crumb et al., 2016; Gintant et al., 2016; Park et al.,
2018; Pollard et al., 2017). The development of a similar approach
for seizure liability screening is especially pertinent in the context
of the recent FDA modernization act (FDA, 2022) which allows
applicants to use methods other than animal testing to establish
drug safety and effectiveness. Our proposal for a human ion
channel assay coupled with assessment of electrical activity in
stem cells (Roberts et al., 2021) fits these criteria and has been
highlighted by the FDA/CDER as a useful novel alternative
method (NAM) that should be considered as a component of the
overall safety assessment for seizure liability (Avila et al., 2023).

Here, we describe the development and evaluation of an
in vitro screening method for detecting seizure liability based on 2
novel in vitro assays: a panel of 14 seizure-related ion channels
that can be screened using automated electrophysiology and a
human-derived neuronal stem cell MEA assay that detects poten-
tial seizurogenic compounds via their effect on electrical activity.
Together, the data provide evidence that an integrated approach
to early seizure liability screening can support optimal drug
design in early development before animals, resources, and time
have been wasted.

Materials and methods
Compounds
The compound set used to validate our approach consisted of 15
seizure-associated compounds (Table 2) and 1 negative control
(acetaminophen) purchased from either Sigma-Aldrich
(Gillingham, Dorset, UK) or TOCRIS (Bristol, UK). Stock solutions
were made in dimethyl sulfoxide (DMSO) and stored at �20�C
until use. The compounds were selected from Easter et al. (2009)
and the compound set described by the HESI Neurotoxicity MEA
Subteam (HESI, 2020). Overall, the test set reflects chemicals with
varying mechanisms of action that cause seizures clinically or
are used experimentally to reduce the seizure threshold.

Ion channel panel
Cell lines (either Chinese hamster ovary [CHO] or human embry-
onic kidney [HEK]) stably expressing the wild-type human ion
channels (Table 1) were generated by standard recombinant
techniques (Green and Sambrook, 2012). The voltage-gated
sodium channels and potassium channels were created at
ApconiX, and the ligand-gated channels were generously pro-
vided by Bristol-Myers Squibb for this project. The activity of the
validation compounds on our ion channel panel was then
assessed using automated patch clamp (Bell and Dallas, 2018).

Cell culture
CHO cells were cultured in F12-HAM medium supplemented with
10% fetal bovine serum (FBS), 1% L-glutamine, 1% penicillin-
streptomycin, and the appropriate selection antibiotics. HEK cells
were cultured in Dulbecco’s Modified Eagles Medium supple-
mented with 10% FBS, 1% L-glutamine, 1% nonessential amino
acids, 1% penicillin-streptomycin, and the appropriate selection
antibiotics.

Screening of validation compounds
Ion Works Quattro (Molecular Devices LLC, San Jose,
California).

Compounds were tested in an 8-point concentration-response curve
generated using 3.16 serial dilutions from the top test concentra-
tion. Single cell recordings were made in perforated-patch configu-
ration at room temperature (21–23�C). Cells were accessed using
100mg/ml amphotericin. The access buffer contained (in mM): 145
KCl, 1 MgCl2, 1 EGTA, 20 HEPES and was buffered to pH 7.25 using
KOH. The internal solution contained (in mM): 100 K gluconate, 40
KCl, 3.2 MgCl2, 3 EGTA, 5 HEPES and was buffered to pH 7.25 using
KOH. The external buffer (Dulbeccos phosphate-buffered saline)
contained (in mM): 0.9 CaCl2, 0.5 MgCl2-(6H2O), 2.7 KCl, 1.47
KH2PO4, 137 NaCl, 8 Na2HPO4-(7H2O) and was buffered to pH 7.4.
Cells were clamped at a holding potential of �90 mV before
depolarizing steps appropriate for each ion channel. Currents were
measured from the step and referenced to the holding current.
Compounds were incubated for approximately 3–4min. The
difference in current between the pre- and postcompound
measurements was exported and analyzed using GraphPad Prism
software. The IC50 values were obtained from a 4-parameter logistic
fit of normalized concentration-response data.

QPatch and PatchLiner (see Bell and Dallas, 2018).

Stock compounds in DMSO were diluted to their top test concen-
tration in HEPES-buffered saline. Five- or 6-point concentration-
response curves were generated using 3.16 serial dilutions from
the top test concentration. Single cell ionic currents were meas-
ured in whole-cell configuration at room temperature (25�C).
Buffer composition and voltage protocols are listed in Table 3.
Compounds were incubated for at least 120 s. Concentration-
response curves were generated by cumulative addition of com-
pound with concentrations low to high. In all cases, steady-state
inhibition was achieved before the next concentration of com-
pound was added. The difference in current between the pre- and
postcompound measurements was exported and analyzed using
GraphPad Prism software. The IC50 values were obtained from a
4-parameter logistic fit of normalized concentration-response
data.

hiPSC neuronal coculture assay
Cell plating and culture
iCell Glutaneurons (lot 106060: 80% glutamatergic neurons/20%
GABAergic neurons) and iCell astrocytes (lot 105981) were thawed
and cultured according to the supplier’s instructions (FujiFilm
Cellular Dynamics, Madison, Wisconsin). Briefly, each vial was
thawed sequentially for 2 min and added to complete BrainPhys
medium at room temperature (BrainPhys neuronal medium
[Stem Cell Technologies] supplemented with 2% iCell Neural
Supplement B, 1% Nervous System Supplement [FujiFilm
Cellular Dynamics], 1% N2 [Thermofisher Scientific], 1% penicil-
lin/streptomycin, and 0.1% laminin [Sigma Aldrich]). After a
manual cell count with trypan blue, the cells were resuspended
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in dotting media (complete BrainPhys media with 10% laminin)

at a density of 15 million cells/ml for iCell Glutaneurons and 6.7

million cells/ml for iCell Astrocytes. For plating, the cells were

mixed in a 8:3 ratio so that 11 ml of cell suspension contained

120k iCell Glutaneurons (85%) and 20k iCell Astrocytes (15%).

Eleven microliters of droplets (140k cells/droplet) were carefully

plated over the recording electrodes of 24-well MEA plates pre-

coated with 0.07% polyethyleneimine and left to adhere at 37�C

for 1 h. Six hundred microliters of complete BrainPhys medium

were added in 2 stages to all wells and 2 ml sterile water was

added around the edges of the plate to increase humidity. Fifty

percent media changes with complete BrainPhys medium were

performed every 24–72 h and the water was topped up as

required. The cells were maintained for 21–25 days in culture to

form functional networks before testing of compounds.

Compound addition
The day before compound addition the media was completely

removed from the MEA plate and 300 ml of the spent media was

re-added into the wells with 300 ml of fresh BrainPhys media.

This ensured that the volume of media was accurate for com-

pound addition. Compounds were solubilized at 1000� in DMSO

and serial dilutions were prepared in BrainPhys media at 10� the

desired concentration. After brief incubation at 37�C, these were

added directly to the MEA wells to create the final concentra-

tions. The final DMSO exposure was kept at or below 0.1%.
A test range of concentrations for each compound was deter-

mined from the literature on human toxic and therapeutic

ranges and from in vivo data on the seizurogenic threshold in the

rat (Table 2 and references therein). The optimal concentration

was then selected for further experimentation.

MEA recordings and data analysis
After equilibration of the MEA plate in the axion MEA instrument

at 37�C and 5% CO2 for 15–30 min, a 15-min baseline recording

was taken. After 1-h incubation with test compounds 15-min

treatment recordings were taken. Data were acquired using Axis

Navigator 3.1.2 software in spontaneous neural real-time config-

uration with the adaptive threshold spike detector set at 6�
standard deviation of internal noise level (rms) on each electrode.

Table 1. Selected ion channels for in vitro seizure screening panel

Ion Channel Gene Associated Epileptic
Syndromes

Mechanism(s) References

Voltage-gated
sodium channels

Nav1.1 SCN1A Dravet syndrome,
Developmental and
epileptic encephalopathy,
generalized epilepsy with
febrile seizures

Predominantly LOF Lossin et al. (2002), Claes et al.
(2001), Mantegazza et al.
(2005)

Nav1.2 SCN2A Developmental and epileptic
encephalopathy, benign
familial infantile seizures

GOF/LOF Howell et al. (2015), Wolff et al.
(2017), Berecki et al. (2018),
Schwarz et al. (2016)

Nav1.6 SCN8A Developmental and epileptic
encephalopathy, benign
familial infantile seizures

GOF/LOF Wagnon et al. (2018),
Blanchard et al. (2015),
Veeramah et al. (2012)

Potassium channels Kv1.1 KCNA1 Episodic ataxia/myokymia
syndrome, partial epilepsy,
developmental and
epileptic encephalopathy

Predominantly LOF Dinoi et al. (2022), Miceli et al.
(2022), Scheffer et al. (1998),
Zuberi et al. (1999)

Kv2.1 KCNB1 Developmental and epileptic
encephalopathy

Predominantly LOF Torkamani et al. (2014),
Calhoun et al. (2017), De
Kovel et al. (2017), Kang
et al. (2019)

Kv3.1 KCNC1 Progressive myoclonic
epilepsy, developmental
and epileptic
encephalopathy

LOF Muona et al. (2015), Li et al.
(2021), Cameron et al. (2019)

Kv4.2 KCND2 Autism with severe
intractable seizures

GOF Lee et al. (2014)

Kv7.2/7.3 KCNQ2/3 Developmental and epileptic
encephalopathy, benign
familial neonatal
convulsions

Predominantly LOF Singh et al. (1998), Biervert
et al. (1998), Bassi et al.
(2005), Mulkey et al. (2017),
Miceli et al. (2015)

Kv7.3/7.5 KCNQ3/5 Developmental and epileptic
encephalopathy

LOF/GOF Nappi et al. (2022), Lehman
et al. (2017), Krüger et al.
(2022)

KCa1.1 KCNMA1 Generalized epilepsy GOF Du et al. (2005), Li et al. (2018)
KCa4.1 KCNT1 Developmental and epileptic

encephalopathy, nocturnal
frontal lobe epilepsy

GOF Barcia et al. (2012), McTague
et al. (2018)

Ligand-gated ion
channels

GABA a1b2c2 GABRA1/B2/G2 Developmental and epileptic
encephalopathy

GOF/LOF Hernandez and Macdonald
(2019)

Nicotinic a4b2 CHRNA4/CHRNB2 Nocturnal frontal lobe
epilepsy, Developmental
and epileptic
encephalopathy

GOF/LOF Phillips et al. (2001), De Fusco
et al. (2000), Conti et al.
(2015), Aridon et al. (2006)

NMDA 1/2A GRIN1/GRIN2A Nocturnal frontal lobe
epilepsy

GOF/LOF Swanger et al. (2016)
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Table 2. Compound set used to validate the in vitro seizure assays

Clinical Compounds Reported to Be Seizurogenic in Humans

Human Blood Plasma Concentration (lM) Rat Dose

Name Mechanism of Action MEA Conc
(lM)

Therapeutic
Range (lM)

Toxic Range
(lM)

Dose Range
(mg/kg)

References

Amoxapine Tricyclic antidepressant that blocks reuptake of
norepinephrine and serotonin, also blocks the
dopamine D2 receptor. Many reports of seizures
in humans

0.1–10 0.57–1.91 9.56 Kumlien and Lundberg (2010), Litovitz
and Troutman (1983)

Bupropion Atypical antidepressant thst is also used for
smoking cessation. Blocks reptake of
norepinephrine and dopamine and antagonizes
several nicotinic acetylcholine receptors. Many
reports of seizures in humans

0.3–30 0.04–0.42 5–8.34 Kumlien and Lundberg (2010), Davidson
(1989)

Chlopromazine Antipsychotic drug that antagonizes the
dopamine D2 receptor. Many reports of seizures
in humans

0.1–10 0.09–0.31 3.14–6.27 Kumlien and Lundberg (2010), Lertxundi
et al. (2013)

Clozapine Atypical antipsychotic that blocks serotonin
receptors and dopamine receptors, with the
highest affinity for the D4 dopamine receptor.
Many reports of seizures in humans

0.1–10 0.3–1.83 1.83–29.06 Kumlien and Lundberg (2010), Lertxundi
et al. (2013), Wong and Delva (2007)

Diphenhydramine Antihistamine used to treat allergies and
insomnia that acts as an inverse agonist at the
H1 receptor. Reported to cause seizures in
humans

0.1–10 0.19–3.92 3.92–15.66 Köppel et al., (1987), Jang et al. (2010)

Paroxetine Antidepressant of the selective serotonin reuptake
inhibitor class. Reported to cause seizures in
humans

0.1–10 0.03–0.3 1.06–1.21 Kumlien and Lundberg (2010), Hill et al.
(2015)

Quetiapine Atypical antipsychotic medication that acts as a
dopamine, serotonin, and adrenergic antago-
nist. Also a potent antihistamine with some
anticholinergic properties. Many reports of
seizures in humans

0.3–30 2.6 4.69 Kumlien and Lundberg (2010), Young
et al. (2009), Dogu et al. (2003)

Strychnine Glycine receptor antagonist. Known to induce
seizures in humans and rats

0.3–30 N/A 0.22–0.3 Rivera and Barrueto (2014)

Amoxicillin Antibiotic acting as GABA-A receptor antagonist.
Reported to cause seizures

1–100 1.37–41.05 no data Raposo et al. (2016)

Enoxacin Broad-spectrum antibiotic acting as GABA-A
receptor antagonist. Reported to cause seizures

0.1–10 3.12–12.49 no data Wanleenuwat et al. (2020)

Compounds Used to Induce Epilepsy/Lower the Seizure Threshold in Rats In Vivo
4-Aminopyridine Voltage dependent potassium channel blocker

with high potency on Kv3.1 channels
1–100 10 Pe~na and Tapia (2000), Gutman et al.

(2005), Fedor et al. (2020)
Linopirdine Kv7 channel blocker that enhances the release of

acetyclcholine and glutamate
1–100 10–30 Flagmeyer et al. (1995)

Pilocarpine Cholinergic muscarinic receptor agonist 0.3–30 100–400 Cavalheiro et al. (1996), Curia et al. (2008)
Pentylenetetrazole

(PTZ)
GABA-A receptor antagonist 30–3000 30–50 mg/kg used

for kindling
Shimada and Yamagata (2018)

Picrotoxin GABA-A receptor antagonist 0.1–10 3–6 Mackenzie et al. (2002)
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After recording spontaneous activity, raw files were rerecorded
using the AxIS spike detector to create Axis spike files (.spk).
These were then loaded on to the Axion Neural Metric tool for
analysis of the spikes and generation of raster plots. Only active
electrodes (MSR� 5 spikes/min) in active wells (�8 active elec-
trode) were included in the analysis. Single electrode bursts were
detected using ISI threshold with a minimum of 5 spikes and a
maximum ISI of 100 ms. Network bursts were identified using the
envelope method. Metrics were exported for analysis using the
Axion Metric Plotting tool. Here, the baseline and treatment data
were compared with identify % change in selected parameters.
Five parameters have been included to describe the activity and
organization of activity: Mean firing rate, burst duration, network
burst frequency, network burst duration, and number of spikes
per network burst (Table 4). Similar parameters have been
selected in analyses by other groups (Kreir et al., 2018; Tukker
et al., 2020a,b).

Data were reproducible over time, especially for network
bursting which was a more reproducible parameter than mean
firing rate. The critical parameters in ensuring data reproducibil-
ity were the proportion of glutaneurons (85%) to astrocytes (15%)
and the elapsed time of 21–25 days in culture allowed to establish
functional networks.

Results
Ion channel panel potency
The potency of the validation compounds against the ion channel
panel is presented as IC50 values (Figure 1) with a grading system
for activity derived from experience with hERG (Leishman et al.,
2020; Redfern et al., 2003) as follows: IC50>100 lM¼no activity at ion
channel, low risk (green); 30–100lM¼moderate activity at ion chan-
nel, intermediate risk (orange); <30 lM¼strong inhibition of ion
channel, high risk (red). Although both inhibition and activation

were assessed in the assay, only inhibition was observed. Example

concentration response curves for Nav1.1, Kv2.1, and GABA a1b2c2

are included as part of Supplementary Data.
To facilitate ranking the ion channels for their potential asso-

ciation with seizure, a value of 2, 1, or 0 was assigned for high

inhibition hits (red; IC50<30 lM), intermediate inhibition hits

(orange; IC50 30–100 lM), and low inhibition hits (green

IC50>100 lM), respectively (Figure 1, right hand column). The ion

channels ranked from high risk to low risk as follows: Nicotinic

a4b2¼21, Kv2.1¼ 15, Kv4.2¼ 15, Kv7.3/7.5¼ 14, Kv7.2/7.3¼ 12,

Kv1.1¼ 10, GABA a1b2c2¼9, Nav1.1¼ 9, Nav1.2¼ 8, Nav1.6¼ 7,

Kv3.1¼ 6, KCa4.1¼ 5, NMDA1/2A¼ 5, KCa1.1¼ 0 (Figure 1). The

nicotinic a4b2 channel was the most frequent hit and the lowest

activity was at KCa4.1, NMDA1/2A, and KCa1.1.

CNS active therapies.

Looking at the CNS active compounds, the ion channels ranked from

high to low risk as follows: Chlorpromazine¼ 21, amoxapine¼ 20,

paroxetine¼ 19, clozapine¼ 17, diphenhydramine¼ 14, quetiapine¼ 10,

and bupropion¼ 6 (Figure 1). For most CNS therapies some sodium,

potassium and ligand-gated channels were inhibited, except bupropion

and quetiapine which inhibited potassium channels and the nicotinic

a4b2 channel only.

GABA antagonists.

Looking at the GABA antagonists, pentylenetetrazole (PTZ) and

picrotoxin inhibited GABA a1b2c2 only. The only activity for

amoxicillin and enoxacin was at nicotinic a4b2, and Kv2.1 for

enoxacin (Figure 1).

Other compounds (4-AP, linopirdine, pilocarpine,
strychnine).

Looking at the other test compounds, the potassium channel

inhibitor 4-AP showed activity at Kv.3.1 and nicotinic a4b2.

Table 3. Voltage protocols and buffer composition

Protocol Holding Potential (mV) Step (mV, ms) Pulse Interval (s) Ligand Extracellular Buffer Intracellular Buffer

hNaV1.1 �90 0, 50 0.33 a c
hNaV1.2 �90 0, 50 0.33 a c
hNaV1.6 �90 0, 50 0.33 a c
hKv1.1 �90 þ40, 200 10 a d
hKv2.1 �90 þ40, 200 10 a d
hKv3.1 �90 þ40, 200 10 a D
hKv4.2 �90 þ40, 50 10 a D
hKCa1.1 �90 þ40, 200 10 a D
hKCa4.1 �90 þ40, 200 10 a E
hKv7.2/7.3 �90 þ40, 200 10 b F
hKv7.3/7.5 �90 þ40, 200 10 b F
GABA a1b2c2 �80 30 mM GABA a G
NMDA1A/2A �80 30 mM glutamate, 10 mM glycine a D
nAChRa4b2 �80 100 mM acetylcholine a D

A, (in mM) 138 NaCl, 4.5 KCl, 1.8 CaCl2, 1.0 MgCl2, 10 HEPES, 10 glucose, buffered to pH 7.4; B, As per buffer A but 0 mM MgCl2; C, (in mM) 140 CsF, 1 EGTA, 10 NaCl,
10 HEPES, buffered to pH 7.3; D, (in mM) 60 KF, 50 KCl, 10 NaCl, 10EGTA, 10 HEPES, buffered to pH 7.3; E, As per buffer D but with 10 mM KCl and 50 mM NaCl; F, (in
mM) 120 KF, 20 KCl, 10 HEPES, 10 EGTA, 10 EDTA, buffered to pH 7.3; G, (in mM) 130 KCl, 1 MgCl2, 5 Mg-ATP, 10 HEPES, 5 EGTA, buffered to pH 7.3.

Table 4. MEA parameters included in the analysis

MEA Parameter Description Units

Mean firing rate Total number of spikes divided by the recording time (Hz)
Burst duration Average time from the first spike to the last spike in a single electrode burst (s)
Network burst frequency Total number of network bursts divided by the recording time —
Network burst duration Average time from the first spike to the last spike in a network burst (s)
Number of spikes per network burst Average number of spikes in a network burst —
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Linopirdine inhibited Kv7.2/7.3, Kv2.1, Kv4.2, and nicotinic a4b2 at
IC50<30 lM and Kv7.3/7.5 at IC50 30–100 mM. Strychnine moder-
ately inhibited 2 sodium channels (Nav1.1, Nav1.6) and 1 potas-
sium channel (Kv1.1), and strongly inhibited GABA a1b2c2 and
nicotinic a4b2. Pilocarpine was the only seizureogenic compound
that did not inhibit any ion channels on our panel.

Acetaminophen was included as a negative control and did
not inhibit any ion channels.

hiPSC neuronal coculture assay
Spike Raster plots depicting baseline activity and activity after
1-h incubation with selected concentrations of each compound
are shown in Figure 2. The full dose range of concentrations
tested is shown in Table 2. The changes in mean firing rate (Hz),
burst duration (s), network burst frequency (Hz), network burst
duration (s), and the number of spikes per network burst for the
compounds is summarized in Figure 3. To facilitate ranking the
compounds for their potency in causing changes in these 5 key
parameters, each compound was assigned 1, 2, or 3 up or down
arrows depending on the fold and direction of change.

CNS active therapies.

The CNS active therapies (amoxapine, bupropion, chlorproma-
zine, clozapine, diphenhydramine, paroxetine, quetiapine) all
caused clear changes to neuronal firing which is visible in the
raster plots. This was mostly characterized by decreased burst
duration and an increased number of network bursts that are
shorter and contain fewer spikes. Raster plots showed some dis-
tinct banding patterns of networks bursts with bupropion and
diphenhydramine, whereas amoxapine and paroxetine cause
sustained network bursting. Changes to mean firing rate mostly
decreased across the group, however, amoxapine and paroxetine
increased the firing rate.

GABA antagonists.

Picrotoxin increased all parameters, and increased network
bursting was evident in the raster plots. PTZ caused minimal
changes to the selected parameters, and the antibiotics amoxicil-
lin and enoxacin did not change any parameter >20%.

Other compounds (4-AP, linopirdine, pilocarpine,
strychnine).

4-AP did not change the number of network bursts; however, ras-
ter plots depicted a distinct pattern of network bursting of one
large burst followed by many smaller bursts of activity.
Linopirdine increased network bursting, and also increased the
mean firing rate and number of spikes per network burst.
Pilocarpine was the only compound to decrease the number of
network bursts, which were also longer and contained more
spikes. This pattern is evident in the raster plots. Strychnine
shows a similar profile to the CNS active therapies—an increased
number of network bursts that are shorter and contain fewer
spikes.

Acetaminophen was included as a negative control and
caused no change to any of the parameters assessed.

Discussion
Seizure liability remains a significant cause of attrition through-
out drug development. Advances in stem cell biology coupled
with an increased understanding of the role of ion channels in
seizure offer an opportunity for a new paradigm in screening.
Here, we describe an integrated approach for early detection of
seizure in vitro using an ion channel panel coupled with perturba-
tion of electrical activity in human derived iPSC neuronal cocul-
tures. There is clear evidence for the involvement of ion channels
in seizure with around 25% of genes identified in epilepsy

Figure 1. Activity of 15 CNS active therapies, GABA receptor antagonists, and other reported seizurogenic compounds at 14 ion channels implicated in
seizure. Key depicts highly active (IC50<30 mM red), moderately active (IC50 30–100 mM orange), and inactive active (IC50>100 mM green) compounds.
Right-hand column: cumulative ranking of each ion channel for its potential association with seizure based on a value of 2, 1, or 0 for high,
intermediate, and low inhibition hits, respectively. Bottom row: cumulative ranking of each compound for its activity at ion channels based on a value
of 2, 1, or 0 for high, intermediate, and low inhibition hits, respectively. *IC50 of pentylenetetrazole is >100 lM; however, this is expected to be high and
still considered inhibition. †Concentration response curves included as part of Supplementary Data.
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Figure 2. Raster plots depicting baseline activity and activity after 1-h incubation for 7 CNS active therapies, 4 GABA receptor antagonists, and 4 other
reported seizurogenic compounds plus acetaminophen as a control (see Table 2). Only one concentration is shown for each compound; the full range of
concentrations tested is shown in Table 2. Extracted key MEA parameters are shown in Figure 3.
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Figure 2. (Continued).
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encoding ion channels (Oyrer et al., 2018). A comprehensive list of
ion channels involved in seizure equates to over 100 targets
(Kullmann and Waxman, 2010; Lerche et al., 2013; Oyrer et al.,
2018) but weight of evidence from genetic and pharmacological
studies (Easter et al., 2007) suggested an initial panel comprising
Nav1.1, Nav1.2, Nav1.6, Kv7.2/7.3, Kv7.3/7.5, Kv1.1, Kv4.2, KCa4.1,
Kv2.1, Kv3.1, KCa1.1, GABA a1b2c2, nicotinic a4b2, NMDA 1/2A
(Table 1) as a starting point for testing (Roberts et al., 2021;
Rockley et al., 2019).

In our study, the CNS active therapies generally inhibited the
most ion channels outside of their accepted mechanisms of action
(see Table 2) whereas acetaminophen, the negative control, did not
change any parameters. In terms of potency for ion channel inhibi-
tion the compounds ranked as follows: Chlorpromazine>
amoxapine>paroxetine>clozapine>diphenhydramine>quetiapine
>bupropion. Bupropion, clozapine, amoxapine, and quetiapine are
within the 10 drugs most frequently associated with convulsive
ADRs (Kumlien and Lundberg, 2010). These drugs are known to be
promiscuous (Bianchi, 2010). For example, in isolated rat neurons
clozapine inhibits the GABA-induced Cl� current (Yokota et al.,
2002) and chlorpromazine inhibits K-transient and K-delayed recti-
fier currents (Ogata and Tatebayashi, 1993; Wooltorton and Mathie,
1993). In human recombinant cell lines clozapine and quetiapine
inhibit the hERG potassium channel (Crumb et al., 2006) and paroxe-
tine, clozapine, and chlorpromazine inhibit Nav1.2 (Lenkey et al.,
2010). These reports are concordant with our findings which link
inhibition of 14 seizure-related ion channels with the clinical obser-
vation of convulsions. This supports the notion that CNS-penetrant
compounds may benefit from early ion channel screening to iden-
tify and design out potential liabilities as illustrated in an example
of convulsions due to GABA-A (Delaunois et al., 2020). The nicotinic
a4b2 ion channel was most frequently implicated in seizure across

all the compounds assessed, followed by the potassium channels
Kv2.1, Kv4.2, Kv7.3/7.5, Kv7.2/7.3, and Kv1.1 making these key com-
ponents for screening.

A range of convulsants have been shown to change the firing
of neuronal networks using MEAs and complex cultures of pri-
mary rodent neuronal cells, human-derived iPSC-derived neuro-
nal cultures, and hippocampal slices (Accardi et al., 2018; Bradley
and Strock, 2019; Bradley et al., 2018; Fan et al., 2019; Frega et al.,
2012; Koerling et al., 2019; Kreir et al., 2018). The Health and
Environmental Science Institute (HESI) Neurotoxicity MEA
Subteam (HESI, 2020) has developed and conducted pilot studies
using MEAs for predicting the seizure liability of drugs using both
primary rodent and hiPSC-derived neurons, although human-
derived cells are expected to provide a better translation to
humans than rodent cells (Grainger et al., 2018; Ishii et al., 2017;
Matsuda et al., 2018; Odawara et al., 2018; Ojima and Miyamoto,
2018; Tukker et al., 2020b).

In our studies, the CNS active therapies all caused clear
changes to neuronal firing similar to seizure prediction pattern 2
proposed by Bradley et al. (2018) whereas acetaminophen, the
negative control, did not change any parameters. Our findings for
amoxapine and chlorpromazine are in concordance with similar
studies with respect to network burst frequency, but with differ-
ences in mean spike rate for chlorpromazine (Tukker et al., 2020b)
pointing towards network bursting as a more reproducible
parameter. The increased network bursting seen with amoxapine
in hiPSC-neuronal cultures has not been observed with rodent
primary cortical cultures in other studies (Kreir et al., 2018;
Tukker et al., 2020b) whereas seizures were demonstrated in
zebrafish (Winter et al., 2008), highlighting interspecies differen-
ces in amoxapine sensitivity. The same may be true of bupropion
because seizures were not reported in rodent hippocampal slice

Figure 3. Changes in 5 key MEA parameters in hiPSC neuronal cocultures for 7 CNS active therapies, 4 GABA receptor antagonists, and 4 other reported
seizurogenic compounds plus acetaminophen as a negative control. Each compound was assigned 1 (20%–49% change), 2 (50%–100% change), or 3
(>100% change) up (blue) or down (green) arrows depending on the fold and direction of change. NC depicts no notable change. Right hand column:
cumulative ranking for each compound where 1 arrow (either up or down) equals a score of 1.
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assays (Easter et al., 2009). However, we detected clear changes in
our hiPSC-MEA assay.

The GABA antagonists PTZ and picrotoxin are both used
in vivo to reduce seizure threshold and have been widely used for
validation studies of preclinical models (Bradley et al., 2018;
Easter et al., 2007; Fan et al., 2019; Kreir et al., 2018; Tukker et al.,
2020b; Winter et al., 2008) They both inhibited the GABA a1b2c2

ion channel only, and picrotoxin increased all MEA parameters
assessed. Our MEA findings with picrotoxin agree with other
studies of hiPSC in the literature (Tukker et al., 2020a), and align
with seizure prediction pattern 1 proposed by Bradley et al. (2018).
PTZ minimally affected the electrical activity in our hiPSC-
neuronal assay, contrasting with previous reports and possibly
due to differences in concentration ranges tested (Odawara et al.,
2018; Tukker et al., 2020b).

Amoxicillin and enoxacin are broad spectrum antibiotics that
are reported to inhibit GABA-A and cause seizures in humans
(Raposo et al., 2016; Wanleenuwat et al., 2020). Both compounds
did not inhibit the GABA a1b2c2 ion channel and caused no signif-
icant changes to neuronal firing in the MEA assay at the clinically
relevant concentrations used. In other studies, minimal changes
to neuronal activity were reported with these compounds in
hiPSC-neuronal cocultures (Tukker et al., 2020b). Seizurogenic
responses have been observed with enoxacin in zebrafish, rat
hippocampal slice, and rat primary cortical cells, so perhaps the
lack of activity in human iPSC-neuronal cells in this study
reflects a species-related difference (Easter et al., 2009; Tukker
et al., 2020b; Winter et al., 2008).

4-AP is widely used in the validation of preclinical models for
seizure detection including zebrafish, rodent hippocampal slice,
and nonhuman primate slice with positive results (Accardi et al.,
2018; Bradley et al., 2018; Easter et al., 2007; Fan et al., 2019;
Tukker et al., 2020b; Winter et al., 2008). 4-AP is a highly potent
inhibitor of Kv3.1 channels (IC50¼29 lM) and a less potent inhibi-
tor of other Kv channels (Gutman et al., 2005). 4-AP at concentra-
tions of up to 100 lM inhibited Kv3.1 with an IC50 of 5 lM. No
other Kv channels were identified as hits in this study, which
agrees with IC50 values in the literature of 290 lM, 18 mM, and
5 mM for Kv1.1, Kv2.1, and Kv4.2, respectively (Gutman et al.,
2005). Kv3.1 is expressed primarily on inhibitory GABAergic neu-
rons (Protein Atlas, 2023) where it plays an important role in the
rapid repolarization of fast-firing cortical neurons (Rudy and
McBain, 2001) In our MEA assay, 4-AP did not change the number
of network bursts but the raster plots showed a distinct pattern
of one large network burst followed by many smaller bursts of
activity, as anticipated pattern from hippocampal slice assays
(Codadu et al., 2019). This illustrates the importance of studying
the pattern of raster plots as well as the quantitative changes to
MEA parameters.

One of our primary aims was to look for correlations between
ion channel activity and electrical perturbation by MEA. Table 5
shows an agreement between potency at ion channels and
strength of perturbation in MEA with a few exceptions such as
enoxacin and pilocarpine. To develop the alignment further, data
from rat hippocampal brain slices (Easter et al., 2007) were added
to Table 5, showing good agreement with 1 or 2 exceptions. In
rodent hippocampal slice models, seizurogenicity was not
detected with bupropion or pilocarpine (Easter et al., 2007). In this
study pilocarpine was the only compound that did not inhibit
any ion channels on our panel and decreased network bursting in
the MEA assay. This suggests that the seizurogenic mechanism is

independent of ion channel perturbation and is likely related to

activity on the M1 muscarinic receptor (Cruickshank et al., 1994).

A similar study using hiPSC-neuronal cells also reported reduced

activity with 30 lM pilocarpine. Interestingly, in rodent primary

cortical cultures 3 and 10 lM pilocarpine have the opposite effect

and strongly increase network bursting (Kreir et al., 2018; Tukker

et al., 2020b). Finally, acetaminophen was included as a negative

control and caused no change to any of the parameters assessed.

A limitation of this study is the inclusion of only one negative

control. Going forward it would be useful to assess the effects of

more nonseizurogenic compounds to get a true measure of the

assays negative predictive power. Similarly, inclusion of seizureo-

genic compounds with different mechanisms of action would

also be worthwhile.
Overall, our data indicate the potential of an ion channel

panel coupled with hiPSC-neuronal MEA assays for predictive

early in vitro assessment of seizure liability providing the oppor-

tunity to assess seizure in human-based in vitro assays, reducing

reliance on animal studies. Since CNS active compounds were

most likely to show activity in these assays, it is particularly

important to screen these potential drugs early in discovery.

These data support the idea originally outlined in Roberts et al.

(2021), recently cited by the FDA/CDER (Avila et al., 2023), that the

panel constitutes a useful human-based NAM that can play a key

part in the overall safety assessment for seizure liability ranging

from lead generation to later stages of development (Figure 4).

The 14 ion channels were selected based on their strong genetic

links to seizure (Table 1). As perturbation of non-ion channel tar-

gets such as some GPCRs and transporters enzymes could also

cause seizure (Easter et al., 2009), it is important to perform a

broad range of safety assessments to fully appraise the potential

for seizure liability. Together, the data provide evidence for an

integrated approach to early seizure liability screening to support

Table 5. Alignment of human ion channel activity with hiPSC
MEA perturbations and data from the rat hippocampal slice
assay

Score for ion channel panel calculated using a value of 2, 1, or 0 for high,
intermediate, and low inhibition hits, respectively. A positive MEA hit was
determined by demonstrating distinctive changes in firing on raster plots and/
or changes in 3 or more parameters. Red, green and blue text depicts CNS
active, GABA receptors antagonists and other compounds, respectively.
Acetominophen is included as a negative control.

a

Rat hippocampal slice work was performed at AstraZeneca as described
by Easter et al. (2009).

b

Rat hippocampal slice work was performed by Bristol-Myers Squibb as
described by Fan et al. (2019).
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optimal drug design in early development, saving time and

resources.

Supplementary data
Supplementary data are available at Toxicological Sciences online.
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