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SCN1A-deficient excitatory neuronal
networks display mutation-specific
phenotypes

Eline J. H. van Hugte,*? Elly I. Lewerissa,? Ka Man Wu," Nicky Scheefhals,*
Giulia Parodi,* Torben W. van Voorst,"? Sofia Puvogel,* Naoki Kogo,*?
Jason M. Keller,"? Monica Frega,’> Dirk Schubert,” Helenius J. Schelhaas,®
Judith Verhoeven,® Marian Majoie,* Hans van Bokhoven®? and »Nael Nadif Kasri'?

Dravet syndrome is a severe epileptic encephalopathy, characterized by (febrile) seizures, behavioural problems and de-
velopmental delay. Eighty per cent of patients with Dravet syndrome have a mutation in SCN1A, encoding Na,1.1. Milder
clinical phenotypes, such as GEFS+ (generalized epilepsy with febrile seizures plus), can also arise from SCN1A muta-
tions. Predicting the clinical phenotypic outcome based on the type of mutation remains challenging, even when the
same mutation is inherited within one family. This clinical and genetic heterogeneity adds to the difficulties of predict-
ing disease progression and tailoring the prescription of anti-seizure medication. Understanding the neuropathology of
different SCN1A mutations may help to predict the expected clinical phenotypes and inform the selection of best-fit
treatments. Initially, the loss of Na*-current in inhibitory neurons was recognized specifically to result in disinhibition
and consequently seizure generation. However, the extent to which excitatory neurons contribute to the pathophysi-
ology is currently debated and might depend on the patient clinical phenotype or the specific SCN1A mutation.

To examine the genotype-phenotype correlations of SCN1A mutations in relation to excitatory neurons, we investigated
a panel of patient-derived excitatory neuronal networks differentiated on multi-electrode arrays. We included patients
with different clinical phenotypes, harbouring various SCN1A mutations, along with a family in which the same muta-
tion led to febrile seizures, GEFS+ or Dravet syndrome.

We hitherto describe a previously unidentified functional excitatory neuronal network phenotype in the context of epi-
lepsy, which corresponds to seizurogenic network prediction patterns elicited by proconvulsive compounds. We found
that excitatory neuronal networks were affected differently, depending on the type of SCN1A mutation, but did not seg-
regate according to clinical severity. Specifically, loss-of-function mutations could be distinguished from missense mu-
tations, and mutations in the pore domain could be distinguished from mutations in the voltage sensing domain.
Furthermore, all patients showed aggravated neuronal network responses at febrile temperatures compared with con-
trols. Finally, retrospective drug screening revealed that anti-seizure medication affected GEFS+ patient- but not Dravet
patient-derived neuronal networks in a patient-specific and clinically relevant manner.

In conclusion, our results indicate a mutation-specific excitatory neuronal network phenotype, which recapitulates the
foremost clinically relevant features, providing future opportunities for precision therapies.
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Introduction

Dravet syndrome (DS) is a severe epileptic encephalopathy charac-
terized by recurrent and prolonged seizures, manifesting before the
first year of life.” Patients have a poor prognosis, and the phenotype
progresses into complex seizures and neurodevelopmental delays,
including behavioural, cognitive and motor impairments.’* In 80%
of cases, DS is caused by mutations in SCN1A, encoding the voltage-
gated Na*-channel Na,1.1.>® A milder clinical phenotype, general-
ized epilepsy with febrile seizures plus (GEFS+), can also arise
from SCN1A mutations. Most patients with GEFS+ show normal de-
velopment and spontaneously remitting seizures later in life.?

To date, more than 1500 different SCN1A mutations have been
identified, most of which occur de novo,”® including missense muta-
tions, frame shifts, splice site variants or insertions/deletions that
lead to loss-of-function (LoF).”'° Although evidence suggests that
the nature of the mutation affects the phenotype,® with LoF muta-
tions conferring a higher risk,'* predictions based on individual
mutations remain challenging. The same mutation can give rise
to variable phenotypes, even if it segregates within one family."
This clinical and genetic heterogeneity adds to the difficulties of
predicting disease progression and prescribing patient-tailored
anti-seizure medication (ASM).

Scnla knockout mouse models for DS show that a loss of excit-
ability, caused by reduced Na*-current density, predominantly
affects parvalbumin- and somatostatin-positive inhibitory
neurons.'**® Disinhibition is considered the major pathogenic
mechanism of DS, in turn leading to hyperexcitability and epileptic
activity.'® However, depending on the strain or age of the mice, ex-
citatory neurons contribute equally to the epileptic activity.?®
Studies using human induced pluripotent stem cell (hiPSC)-derived
neurons have provided further conflicting results. While some have
reported deficits in Na*-current density or action potential firing in
inhibitory neurons alone,?'"?* others have described deficits in both
excitatory and inhibitory neurons.?*>%’

These conflicting observations might be attributed to intrinsic
functional differences in the mutations investigated or cell types
studied. Some mutations result in gain-of-function (GoF), while
others in (partial) LoF of Na,1.1, suggesting that different SCN1A var-
iants might affect inhibitory or excitatory neurons to a different ex-
tent.® However, it remains difficult to attribute the neuronal
phenotype to either the patient clinical phenotype or the type of
variant studied. Moreover, the effects of individual mutations at
the neuronal network level have not been investigated systematical-
ly. A series of patient hiPSC-derived neurons, which includes

multiple SCN1A variants and clinical phenotypes, may help to deter-
mine whether the excitatory neuronal phenotype is dependent on
the patient clinical phenotype or the specific mutation being studied.

To this end, we investigated CRISPR/Cas9-edited SCN1A lines
and a panel of hiPSC-derived lines from five patients with different
clinical phenotypes harbouring different SCN1A variants and
mapped the effects on excitatory neuronal network behaviour. In
particular, we studied a family in which the same SCN1A mutation
resulted in different clinical phenotypes.

Our data provide evidence that excitatory neurons are affected
to different extents by various SCN1A mutations. Specifically, mis-
sense versus nonsense mutations of SCN1A and the location of the
mutation in Na,1.1, i.e. pore domain versus voltage sensing do-
main, influence the excitatory network phenotype. Although we
did not observe differences based on clinical severity in basal net-
work phenotypes, clinically relevant DS triggers, such as febrile
temperatures and ASM, elicited different responses in DS and
GEFS+ patient-derived neuronal networks. To conclude, we provide
further evidence for the role of excitatory neurons in DS.

Materials and methods

All experiments involving peripheral mononuclear blood cells
(PBMCs) and hiPSCs from subjects were carried out after informed
consent was obtained and with approval from the medical ethical
committee of Radboud University Medical Center, Nijmegen
(2018-4525). PBMCs were isolated from all subjects via blood sam-
ples taken during routine diagnostic testing. The clinical history
of all patients is described in the Supplementary material.

Patient PAT001_DRAV was a 4-year-old female at the time of
sampling. She had a missense mutation (c.4168G>A
p-Val1390Met) in the pore domain of SCN1A. Patient PAT001_GEFS
was a female patient who was 10 years of age at the time of sam-
pling, with a missense mutation (c.2576G>A p.Arg859His) in the
voltage-sensing domain. Patients FAM001_DRAV, FAMO001_GEFS
and FAMOO1_FS were from the same family, and all carried a muta-
tion in ¢.3926T>G (p. Leul309Arg) in the voltage sensing domain.
FAMO01_DRAV was the male sibling (16 years old at the time of
sampling) and FAM001_GEFS was the female sibling (14 years old
at the time of sampling). FAM001_FS was the father (49 years of
age at the time of sampling), while CTRL1 was the unaffected
mother (43 years of age at the time of sampling).
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All lines were reprogrammed using episomal vectors with the
Yamanaka transcription factors Oct4, c-Myc, Sox2 and KIf4*® and
had normal karyotypes (Supplementary Fig. 1A). All mutations
were confirmed via Sanger sequencing. CTRL2 was an external con-
trol (a 30-year-old male, previously characterized?®) and tested for
genetic integrity using SNP assay.*°

From CTRL2, two SCN1A CRISPR lines were generated (SCN1A*~ C3
and SCN1A*~ C7) with a heterozygous deletion in exon 21, leading
to a premature stop codon at amino acid position 18. SCN1A*~ C3
had a heterozygous mutation at position ¢.500_501insAC (p.Thr18%)
and SCN1A*~ C7 at position ¢.500_501delGTCAinsTACTC (p.Thr18").
A short guide RNA (sgRNA) was designed (GTCAAACCTGTCAC
CAGTTG) and cloned into pSpCas9(BB)-2A-Puro (PX459) V2.0
(Addgene, #62988) according to a previously published protocol.*
In brief, 8 x 10°> hiPSCs in single-cell suspension were nucleo-
fected with 5 pg SpCas9-sgRNA plasmid using the P3 Primary Cell
4D-Nucleofector kit (Lonza, #V4XP-3024) in combination with the
4D Nucleofector Unit X (Lonza, #AAF-1002X). Cells were resuspended
in E8 Flex supplemented with Revitacell (10 ug/ml, Thermo Fisher,
#A2644501) and seeded on Biolaminin 521 LN (20 pg/ml, BioLamina,
#LN521-05) pre-coated wells. Twenty-four hours after nucleofection,
0.5 pg/ml puromycin (Sigma-Aldrich, #P9620) was added for 24 h.
Resistant colonies were picked manually and sent for Sanger sequen-
cing to ensure heterozygous editing of exon 21.

All hiPSC lines were cultured on Matrigel (Corning, #356239) in
Essential 8 (E8) flex medium (Gibco, #A2858401) supplemented
with primocin (0.1 pg/ml, Invivogen, #ant-pm-2). For a quality
check, hiPSCs were tested for pluripotency using qPCR or flow cyto-
metry (Supplementary Fig. 1B and D). HiPSCs were infected, accord-
ing to a previously published protocol, with lentiviral constructs
encoding rtTA combined with Ngn2 to generate doxycycline-
inducible excitatory neurons.?*** Selection was performed by ad-
justing the concentrations of G418 (100-250 ug/ml, Sigma-Aldrich,
#G8168), for Ngn2, and puromycin (1-2 pg/ml), for rtTA. Cells were
passaged twice a week using ReLeSR passaging agent (Stemcell,
#05872) and not kept for more than 10 passages. Every 2 weeks, cells
were checked for mycoplasma contamination using MycoAlert
PLUS (Lonza, #LT07-703) (Supplementary Fig. 1C).

HiPSCs were differentiated to glutamatergic neurons by overex-
pression of Ngn2 and cultured in a 1:1 ratio with E18 rodent
astrocytes according to a previously published protocol and guide-
lines.?>*3 Cell plating was adjusted to ensure equal cell densities
(Supplementary Fig. 1E and F). Wells with unequal cell densities,
unequally distributed cells or cell clumping were excluded. A de-
tailed neuronal differentiation protocol can be found in the
Supplementary material.

Coverslips were washed once with ice-cold PBS. Unless stated
otherwise, subsequent steps were performed at room temperature
and solutions were made in PBS. Cells were fixed with 4% parafor-
maldehyde and 4% sucrose for 15min. Fixed coverslips were
washed three times and stored in PBS at 4°C until further use.
Cells were permeabilized with Triton X-100 (0.2%, Sigma-Aldrich,
#T8787) for 10 min, followed by 1h of blocking with normal goat
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serum (NGS) (5%, Invitrogen, #10000C). Primary antibodies raised
against either peripherin (PRPH) (1:500, Millipore, #MAB1527),
SATB2 (1:500, Abcam, #ab51502), synapsin (1:200, Millipore,
#MAB1543P), homer (1:200, Synaptic Systems, #160011), Na,1.1
(1:500, Alomone Labs, #ASC-001), MAP2 (1:1000, Synaptic Systems,
#188004), vesicular glutamate transporter 1 (vGlutl) (1:500,
Synaptic Systems, #135311), ankyrin-G (AnkG, 1:1000, Invitrogen,
#33-800) or cleaved caspase 3 (1:300, Cell Signaling, #9661S), diluted
in 1% NGS, were incubated overnight at 4°C. After 10 PBS washes,
coverslips were incubated in secondary antibodies diluted in 1%
NGS. Coverslips were washed 10 times with PBS and stained with
Hoechst (0.01%, ThermoFisher, #H3570). The coverslips were
mounted in DAKO (Agilent, #53023) on microscope slides and im-
aged on a Zeiss Axio Imager Z2 at x63 magnification for quantifica-
tion of Na,1.1 expression and synapse density, or at x20
magnification for quantification of cell density or PRHP expression.

For western blot, a total of 350 000 cells were seeded on a six-well
plate. At 49 days in vitro (DIV), proteins were extracted in cold RIPA
lysis buffer, and supernatant was used to determine protein concen-
tration using the Pierce BCA protein assay kit (ThermoFisher). Fifty
micrograms of protein were loaded on Mini-PROTEAN TGX stain-
free gels before transfer to Nitrocellulose membranes (Bio-Rad).
The membrane was blocked with blotto blocking buffer (Santa
Cruz, #sc-2333) for 1 h at room temperature and incubated with pri-
mary antibody overnight at 4°C against Na,1.1 (1:500), using GAPDH
(1:1000, Cell Signaling, #2118S) as a loading control. Membranes were
washed three times in TBS-T followed by incubation for 1 h with goat
anti-rabbit IgG (H+L) secondary antibody, horseradish peroxidase
(1:50000, ThermoFisher, #G-21234) at room temperature.
Membranes were washed five times in TBS-T, before ECL detection
with the Supersignal West Femto kit (ThermoFisher, #34095), then
imaged using the Biorad Gel Imaging system (Chemidoc) and subse-
quently analysed with ImageJ.>*

Cells were harvested at different DIV for RNA extraction using the
Quick-RNA Microprep kit (Zymo Research, #ZY-R1051), following
the manufacturer’s instructions. RNA concentration and integrity
were measured using a Tapestation system (RNA High Sensitivity
ScreenTape and Reagents, #5067-5579/80). All samples had an RNA
integrity number (RIN)>8. cDNA libraries were generated with
iScript (Bio-Rad, #1708890) and sequenced on an Illumina NovaSeq
6000 platform in paired-end at GenomeScan B.V. Leiden. The aver-
age number of reads was >50 million. Human and rat reads were
mapped to both the rat (Rattus_norvegicus.mRatBN7.2) and human
(Homo_sapiens.GRCh38) reference genomes, and split by organism
with BBmap (v38.95) according to the best mapping. Then, human
reads were aligned to the GRCh38.p13 reference genome with
HISAT2 v2-2.2, sorted with samtools v1.10 and counted with
HTSeq v2.0.2. Raw count matrices were loaded in R v4.2.1. For en-
semble IDs that mapped to the same gene symbols, we only consid-
ered the IDs with the highest expression per sample. Count data
were normalized using the size factors method with DESeq2*® and
lowly expressed genes (<15 normalized counts) were filtered.

To record spontaneous network activity, multi-well multi-
electrode arrays (MEAs) were used, which consisted of 24 individual
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Figure 1 Seizure liability screening reveals two distinctive seizure prediction patterns. (A) Schematic overview of a multi-electrode array (MEA) culture,
raw recording from a representative electrode and raster plot, including the measured MEA parameters on both single channel and network levels.
Scale bar = 100 pm (B) Representative raster plots of MEA recordings from control networks and control networks acutely treated with different com-
pounds: NMDA (100 pM), 4-aminopyridine (4-AP,10 pM), kainic acid (KA, 10 uM), linopirdine (Lino, 1.5 pM) and phenytoin (Pheny, 25 uM) with an 8's
closer view (right) of the activity of one electrode. Quantification of network parameters normalized to pretreatment baseline including: (C) mean firing
rate (MFR), (D) percentage of random spikes (PRS), (E) mean burst rate (MBR), (F) burst duration (BD), (G) network burst rate (NBR), (H) network burst
duration (NBD) and (I) number of high frequency bursts (HFB). (J) Heat map of all MEA parameters for all compound-treated recordings, normalized
to pretreatment baseline, including MFR, MBR, NBR, PRS, BD, NBD, HFB, burst spike rate (BSR), inter-burst interval (IBI) and network inter-burst interval
(NIBI). For all MEA data, NMDA n=7,KA n=38,4-AP n=_38, Lino n=8 and Pheny n =10 (number of pre-and post-treatment wells). All wells were derived
from CTRL2. *P =0.05, **P = 0.01, **P =0.001, ***P < 0.0001; repeated measures ANOVA with Dunn-Sidak multiple comparisons correction. All means,
SEM and test statistics are listed in Table 1.
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wells (Multichannel systems, MCS) according to a previous pub-
lished protocol.*® In brief, each MEA well was embedded with 12
gold electrodes spaced 300 pm apart with a diameter of 30 pm.
Baseline neuronal network activity was recorded for 10 min at
DIV49, after a 10-min acclimatization period, in a recording cham-
ber maintained at 37°C/95%0,/5%CO,. For temperature experi-
ments, the amplifier temperature was set to 40°C. When this
temperature was reached, the cultures were allowed to acclimate
for 10 min before a 10 min recording at 40°C. The same method
was applied for the recovery recording at 37°C. For all recordings,
the raw signal was sampled at 10 kHz and filtered with a high-pass
2nd order Butterworth filter with a 100 Hz cut-off and a low-pass
4th order Butterworth filter with a 3500 Hz cut-off. The noise
threshold for individual spike detection was set to +4.5 standard
deviations (SD).

All reagents were prepared into stocks and stored at —20°C. A set of
five proconvulsive compounds were chosen to induce seizurogenic
responses of the neuronal network at DIV49: NMDA (100 pM work-
ing concentration, Tocris, #6384-92-5), linopirdine (1.5 pM, Sigma,
#105431-72-9), 4-aminopyridine (4-AP,10 pM, Tocris, #504-24-5),
phenytoin (25 pM, Sigma, #57-41-0), kainic acid (KA, 10 pM, Sigma
#58002-62-3) and picrotoxin (100 pM, Tocris, #1128). The working di-
lution was added directly to the wells during MEA recordings. A set
of four ASMs was used to rescue the neuronal network phenotypes:
valproic acid (Tocris, #1069-66-5), levetiracetam (Tocris, #102767-28-2),
topiramate (Tocris, #97240-79-4) and carbamazepine (Tocris,
#298-46-4). Cultures were treated from DIV13 onwards, and the
ASM concentration was kept constant at 10 pM. The working dilu-
tion was first diluted into the medium before the regular medium
change. For all pharmacological dilutions, the amount of DMSO in
the cell culture medium was <0.5% v/v in each experiment.

To guarantee sufficient experimental quality, we adhered to a set of
published guidelines.?® We included experiments with a minimum
of nine wells per hiPSC line, across at least two independent
batches. Networks that did not show network bursts (NBs) at
DIV27, or a mean firing rate (MFR) <0.1 Hz and burst rate <0.4
bursts/min, were excluded. Wells that displayed low cell densities
or cell clumping were discarded. All experiments were carried
out at DIV49. Off-line data analysis was performed using
Multiwell-Analyzer software (Multichannel systems) to extract
spike-trains and a custom-made in-house code developed in
MATLAB (The Mathworks, Natick, MA, USA). Spikes were detected
using a threshold of +4.5 SD from the baseline noise. The MFR
was calculated for each well individually by averaging the firing
rate of each separate channel by the total number of active chan-
nels of the well. The Multiwell-Analyzer build-in burst detection al-
gorithm was used to detect bursts and defined bursts as four spikes
in close proximity, with a maximum 50 ms inter-spike interval (ISI)
to start a burst, a maximum 50 ms ISI to end a burst and a minimum
100 ms inter-burst interval (IBI). The mean burst rate (MBR) was cal-
culated by averaging the burst rate across all electrodes. NBs were
defined making use of the previously mentioned single burst detec-
tion as an intermediate step according to Mendis et al.>” An NB was
defined when these two qualifications applied: the number of dis-
tinct bursting channels was at least 50%, and at some point during
the sequence, at least 50% of the channels were bursting simultan-
eously. Simultaneous bursting was defined as any burst that had a
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temporal overlap >0 ms with another burst. Therefore, to classify
as an NB, at least 50% of all channels needed to have bursts with
a temporal overlap of >0 ms with each other burst in the sequence.
The start of the NB was detected at the first point where any of the
participating channels were bursting simultaneously. It ended with
the last bursting channel in the temporally overlapping sequence of
bursts. The NB rate (NBR) was derived by dividing all NBs in the re-
cording by the length of the recording in minutes. The percentage of
random spikes (PRS) was defined by calculating the percentage of
isolated spikes that did not belong to a burst. The IBI and NB IBI
(NIBI) were calculated by subtraction of the time stamp at the be-
ginning from the time stamp at the end of each burst or NB. The
mean IBI per channel was calculated and averaged across all chan-
nels. The NIBI was averaged for each well. A detailed description of
the calculation of these network parameters can be found in
Mossink et al.*® High frequency bursts (HFBs) within an NB period
were detected by decreasing the burst detection ISI to 5 ms, with
a maximum IBI of 10 ms, to individually detect each HFB. An in-
house MATLAB script quantified the number of HFBs inside one
NB period using a maximum inter-HFB-interval of 1500 ms.

Experiments were performed in a recording chamber at DIV49 and
visualized using an Olympus BX51WI upright microscope (Olympus
Life Science) and a DAGE-MTI IR-1000E (DAGE- MTI) camera. Data
were acquired using a Digidata 1440-A digitizer and a Multiclamp
700B amplifier (Molecular Devices), sampled at 20 000 Hz and fil-
tered using a low-pass 1kHz filter. Filamented patch pipettes
were pulled from borosilicate glass (Science Products GmbH) with
a PC-10 micropipette puller (Narishige), with an open tip resistance
between 5 and 7 MQ. The recording chamber was continuously per-
fused with artificial CSF (ACSF) containing (in mM): 124 NaCl, 1.25
NaH,PO,, 3 KCl, 26 NaHCOs, 11 glucose, 2 CaCl,, 1 MgCl, (adjusted
to pH 7.4) and maintained constant at 37°C/5% CO,. Recordings
were excluded if the series resistance was above 20 MQ or if the ser-
ies resistance to membrane resistance was below a 1:10 ratio.

For intrinsic properties, pipettes contained a potassium-based in-
ternal solution containing (in mM): 130 K-gluconate, 5 KCl, 10
HEPES, 2.5 MgCl,, 2 Na®-ATP, 0.4 Na3-ATP, 10 Na-phosphocreatine,
0.6 EGTA (adjusted to pH 7.25 and osmolarity 290 mOsmol).
Resting membrane potential (Vrmp) was determined immediately
after reaching whole cell configuration in the current clamp. Both
active and passive membrane properties were determined at a
holding potential of —60 mV. Action potentials were elicited by a
stepwise current injection protocol, ranging from -30pA to
+50 pA, and determined by analysing the first action potential
that was elicited. All intrinsic properties were analysed using
Clampfit 10.7 (Molecular Devices).

A CsCl-based internal pipette solution was used, containing (in
mM): 115 CsMeSOs, 20 CsCl, 10 HEPES, 2.5 MgCl,, 4 Na,ATP, 0,4
NasGTP, 10 Na-phosphocreatine and 0.6 EGTA (pH adjusted to
7.24, osmolarity 294 mOsmol). CNQX (40 uM, Tocris #0190) was
used to block synaptic activity during recording. TTX (1uM,
Tocris, #1069) was used as a negative control. Cells were measured
in whole cell voltage clamp configuration including P/8 leak sub-
traction. Using a stepwise protocol, cell membrane potential was
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increased from a holding potential of -90 mV in 10 mV increments
to 60 mV for 100 ms. Peak currents were determined using Clampfit
10.7 and divided by the cell capacitance. Conductance was calcu-
lated using Equation 1, where G is the conductance, I the peak cur-
rent amplitude, V the holding potential of each pulse and Ve, the
Na* reversal potential. V,., was extrapolated from the experimen-
tal data using an in-house MATLAB script, and data were fitted to
Equation 2, where I is the normalized current, Imax the maximum
current, V the holding potential of each pulse, Vy,, the half max-
imum of activation and k the slope.

G=1/(V = Vi) (1)

I = Imax/(1 + exp((V — V1/2)/k)) (2)

Statistical analysis was performed using Graphpad PRISM 9.0.0
(GraphPad Software, Inc., CA, USA). All values are reported as
mean + standard error of the mean (SEM), unless stated otherwise.
In all figures, P-values are indicated as follows: *P<0.05, ** P <0.005,
P <0.0005, **** P <0.0001, two-tailed. In each figure legend, n refers
to the number of wells/independent differentiations. Wells from the
same independent differentiation were differentiated on the same
day (same differentiation round). Gaussian distribution and equal
variances were ensured using Kolmogorov-Smirnov or Levene’s
test. When comparing two groups with non-Gaussian distributed
data, a Mann-Whitney test was used (Fig. 2 and Supplementary
Fig. 3). When comparing three or more groups without repeated
measures and non-Gaussian distributed data, a one-way ANOVA
with Kruskal-Wallis test was used (Figs 3-5 and Supplementary
Figs 4 and 5) and Dunn’s correction for multiple comparisons was
used when necessary. A repeated measures one-way ANOVA
was used with Friedman correction when comparing repeated
measures with one factor (Fig. 4) from non-Gaussian distributed
data or Dunnett’s correction when comparing Gaussian distribu-
ted data. For comparison of two or more factors with repeated
measures, we used a repeated measures two-way ANOVA
with Dunn-Siddk correction for multiple testing (Fig. 1 and
Supplementary Fig. 1). Outliers were only excluded if they met
the exclusion criteria described above (extreme cell clustering
or clumping, unequal or low cell density). Principal component
analysis (PCA) was performed on data from eight parameters
[MFR, PRS, MBR, burst duration (BD), burst spike rate (BSR), NBR,
network burst duration (NBD) and HFB] using Graphpad PRISM
9.0.0. Values were standardized and principal components were
selected based on parallel analysis using Monte Carlo simulation
on random data of equal dimension to the input data, generated
with a random seed.

Results

Previously, we functionally benchmarked 10 control neuronal
networks on MEAs by differentiating hiPSCs to electrophysiologi-
cally mature excitatory neurons through forced expression of
Ngn2.323%3¢ Network activity consisted of spikes (single action po-
tentials) and bursts (clustered action potentials at high frequency),
which self-organized into synchronous NBs (bursts recorded from
all electrodes) (Fig. 1A).%° Traditionally, proconvulsive compounds
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are used to elicit neuronal network responses as a predictor for sei-
zurogenic network activity.*®3? To understand the applicability of
excitatory neurons as a model for DS-related epilepsy, and to pre-
dict excitatory seizurogenic phenotypes, we selected five different
seizurogenic compounds that affect excitatory neuronal mechan-
isms and functionally characterized the network properties
(Fig. 1B-J and Supplementary Fig. 1G). NMDA and KA both led to a
hyperactive neuronal network phenotype, reflected by a significant
increase in MFR, MBR and NBR (Fig. 1B-I). To mimic mutations in
SCN1A, we used the Na*-channel blocker phenytoin, traditionally
used as an ASM, which can also represent seizure prediction pat-
terns in healthy neuronal networks.?® Phenytoin led to a distinct
seizure prediction pattern, with a general decrease in activity and
synchronicity, reflected by a decreased MFR, MBR and NBR but in-
creased PRS (isolated, a-synchronous spikes) (Fig. 1C-E and G).
K*-channel blockers 4-AP and linopirdine showed a third distinct
seizure prediction pattern (Fig. 1B and J). While the neuronal net-
works responded with a similar increase in MFR (Fig. 1C), the organ-
ization of the network differed and showed an irregular neuronal
network pattern (Fig. 1B). Whereas the NBR was not significantly in-
creased, the NBD increased, and the NBs consisted of several HFBs
(Fig. 1G-I). Importantly, networks did not respond to picrotoxin,
confirming their excitatory identity (Supplementary Fig. 1H). A
heat map clearly showed three different seizure prediction pat-
terns upon exposure to proconvulsive compounds (Fig. 1)) in ana-
logy to neuronal networks in rodent cultures.?® Prediction Pattern
1, elicited by KA and NMDA, led to a hyperactive neuronal network
phenotype. Prediction Pattern 2, elicited by phenytoin, led to a hy-
poactive, desynchronized network activity. Finally, Prediction
Pattern 3, elicited by 4-AP and linopirdine, led to disorganization in-
cluding NBs with HFBs.

Heterozygous LoF mutations in SCN1A predominantly result in a
severe DS clinical phenotype and not in an intermediate GEFS*-
or mild febrile seizure (FS)-like phenotype.** To examine the effect
of heterozygous LoF of SCN1A in mature excitatory neuronal net-
works, we generated two SCN1A*~-deficient lines (SCN1A*~ C3
and SCN1A*~ C7). We used CRISPR/Cas9 genome editing in a cu-
rated control hiPSC-line to induce a frameshift mutation, leading
to a heterozygous deletion in exon 21 of SCN1A, resulting in a pre-
mature stop codon at amino acid position 18 in both clones
(Supplementary Fig. 2A-C). Western blot confirmed reduced
Na,1.1 expression in SCN1A*/~-deficient lines (Supplementary
Fig. 2D).

Immunocytochemistry confirmed the expression of Na,1.1 in
excitatory neurons (Supplementary Fig. 2E). In line with the local-
ization of Na, 1.1 in inhibitory neurons, we found Na,1.1 expression
in the soma and axon initial segment (AIS), with specific dense
puncta [Supplementary Fig. 2F(ii)].’ In addition, Na,1.1 was ex-
pressed in the dendrites [Supplementary Fig. 2F(ii)]. The expression
of SCN1A increased over time and was highest at DIV49
(Supplementary Fig. 2G); we therefore conducted all experiments
at this time-point. We further confirmed that the identity of the
generated neurons were mostly of cortical excitatory origin, in
line with previous reports (Supplementary Fig. 2H-J).**

Control networks showed synchronous, rhythmic NBs at DIV49
(Fig. 2A), a hallmark of physiological network activity.*® In contrast,
SCN1A*~-deficient lines showed a hyperactive, desynchronous
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Figure 2 SCN1A*/~-deficient neurons depict hyperactive, desynchronized and irregular firing patterns. (A) Representative raster plots of MEA record-
ings at DIV49 from control and SCN1A*/~-deficient neuronal networks, with a 6 s closer view (right) of the activity of one electrode. (B) Quantification of
network parameters, including percentage of random spikes (PRS), mean burst rate (MBR), network burst rate (NBR) and number of high frequency
bursts (HFB), quantified as the number of HFBs inside an NB period. Dashed line represents median, dotted line represents quartiles. Mann-
Whitney test. (C) PCA plot of eight MEA parameters, including mean firing rate (MFR), MBR, NBR, PRS, burst duration (BD), NBD, HFB, burst spike
rate (BSR), showing parameters that explain the differences in network behaviour between control and SCN1A*~-deficient neuronal networks. Blue
arrows indicate loadings. For all MEA data, n=number of wells/independent differentiations: control n=33/5 (CTRL2) and SCN1A*~ n=24/2
(SCN1A*~ C3: 8/2, SCN1A*/~ C7:16/2). (D) Representative Na*-current traces of control and SCN1A*'~-deficient neurons at DIV49. Stimulation paradigm
(inset): stepwise protocol from a —90 mV holding potential to a maximum test-pulse of 60 mV in increments of 10 mV, Na*-currents were tetrodotoxin
(TTX)-sensitive. (E) Current-density plot of Na*-current recordings from n = cells/batches Control n = 18/3 (CTRL2) and SCN1A*~ n=22/3 (SCN1A*/~ C3:
11/3,SCN1A*~ G7:11/3). Repeated measures ANOVA with Dunnett’s multiple comparisons test. (F) Representative firing patterns of control and SCN1A*/~
neurons, measured by a step-wise current injection protocol. (G) Analysis of active and passive membrane properties, including peak amplitude, thresh-
old, half-width, after hyper polarization time (AHP), AAHP, defined as the difference between the AHP of the first action potential and the second action
potential in the same sweep, rise slope, rise time, maximum rise slope, decay slope, decay time, max decay slope, rheobase. (H) Quantification of the
number of action potentials per current injection in a 2-s time window. (I) Representative plots depicting control action potential amplitude and
time course, dV/dt versus time and a phase plot of dV/dt versus V. (J) Representative plots depicting SCN1A*'~-deficient action potential amplitude
and time course, dV/dt versus time and a phase plot of dV/dt versus V. Red dotted line represents the action potential threshold. For all action potential
properties, n = cells/independent differentiations: control n = 24/3 (CTRL2) and SCN1A*~ n=39/3, (SCN1A*~ C3: 21/3, SCN1A*~ C7:18/3). Mann-Whitney
test. Data represented as mean + SEM. *P =0.05, **P =0.01, ***P =0.001, ***P < 0.0001. All means, SEM and P-values of significant differences are listed in
Supplementary Table 1. Data from separate SCN1A*/~-deficient lines are listed in Supplementary Table 2.
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Figure 3 Dravet syndrome patient-derived neuronal networks show mutation-specific network fingerprints. (A) Schematic overview of patient inclu-
sion, including pedigree of one family, where the same SCN1A mutation is inherited via the paternal line. Filled black symbol represents Dravet syn-
drome (DS), three quarters black symbol represents GEFS+ syndrome, one quarter black symbol represents febrile seizures (FS). (B) Overview of affected
locations in the Na,1.1 protein. (C) Representative raster plots of multi-electrode array (MEA) recordings from control and patient-derived networks,
with a 6 s closer view (right) of the activity of one electrode. (D) Quantification of network parameters, including percentage of random spikes (PRS),
network burst rate (NBR), number of high frequency bursts (HFB) quantified as the number of HFBs inside a network burst period and network burst
duration (NBD). Dashed line represents median, dotted line represents quartiles. (E) Heat map of all MEA parameters for all compound-treated record-
ings, normalized to pretreatment baseline, and all SCN1A -deficient lines normalized to control. Parameters include mean firing rate (MFR), mean burst
rate (MBR), NBR, PRS, burst duration (BD), NBD, HFB, burst spike rate (BSR), inter-burst interval (IBI) and network inter-burst interval (NIBI). (F) PCA plot
of eight MEA parameters, including MFR, MBR, NBR, PRS, BD, NBD, BSR and HFB, showing parameters that explain the differences in network behaviour
between control and patient lines. Blue arrows indicate loadings. For all MEA data, n=number of wells/independent differentiations: CTRL1 n=9/2,
CTRL2 n=236/5, PATO01_GEFS n=22/4, PAT001_DRAV n=33/6, FAMO01_FS n=9/2, FAM001_GEFS n=11/3, FAM001_DRAV n=11/3, SCN1A*~ n=23/3;
one way ANOVA with Kruskal-Wallis test with Dunn’s correction for multiple comparisons. *P=0.05, **P =0.01, ***P =0.001, ****P < 0.0001. All means,
SEM and P-values of significant differences are listed in Supplementary Table 1.


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad245#supplementary-data

Modelling Dravet syndrome BRAIN 2023: 146; 5153-5167 | 5161

Control Control
P
_ — @ Basal 37°C
P T
40°c - & = ‘ o - @ 40°c
' = ' Y '
& 4 ; * @ Recovery 37°C
—+10min —10 min o = — — 8
a 5}
Basal Febrile Recovery g = T T =}
£
3s
D

37°C

40°C

.

+
*Hf*

E
Control PAT001_GEFS PAT001_DRAV FAMO01_FS FAMO01_GEFS FAMOO1_DRAV
— e
5 oy 6 g ¥ e
4
4 4
E g £
I = 4 o o4
2
2 2
o4--¥-....X.... X...
T T T T T T C T T T L ) T
37 40 37 37 40 37 37 40 37 37 40 37 37 40 37 a7 40 37
@ Basal 37°C @ Febrile 40°C @ Recovery 37°C
F Control PATO001_GEFS PAT001_DRAV
o : o o
M~ M~ M~
o) ™ ™
(&) (&) Q
=) o =]
< <+ <+
FAM001 GEFS
[&] o Q
P~ R~ R~ S
o ™ L T ————————————————— Y W T TR AT
= .
9 S o i
2 2 — S T - =
3s
oy
G , H |
o © o
o . o
2, 5 @® control 2 4 -
2 i o PATO01 GEFS &,
c ™ =2
x % PP B % E @ PATODI DRAV & -\/
s ! . H @ FAMOO01_FS 24
£ @ FAMOO1_GEFS 2
0 @ FAM001_DRAV 0

30 40 80 60 70 80
DIV

Figure 4 Febrile temperatures lead to altered neuronal network organization. (A) Schematic stimulation paradigm for febrile temperature recordings.
(B) Representative raster plots from multi-electrode array (MEA) recordings of control neuronal networks, recorded at 37°C and 40°C. (C) Network burst
rate (NBR) from control neuronal networks, normalized to the basal recording at 37°C. Data is shown as mean + SEM. Repeated measures ANOVA with
Friedmans correction for multiple testing. (D) Representative burst shapes of control and patient lines green lines indicate high frequency burst (HFB)
detection. (E) Number of HFB, quantified as the number of HFBs inside a network burst period, during basal (37°C), febrile (40°C) and recovery (37°C)
recordings. Dashed line represents median, dotted line represents quartiles, Kruskall-Wallis test. (F) Representative raster plots from MEA recordings
of control and patient neuronal networks, recorded at 37°C and 40°C. (G) NBR from control and patient neuronal networks, normalized to the basal
recording at 37°C. Data are shown as mean + SEM, Kruskall-Wallis test. (H) NBR from control and PAT0O01_DRAV neuronal networks over developmen-
tal days in vitro (DIV), normalized to the basal recording at 37°C, two-way ANOVA. For all MEA data, n =number of wells/independent differentiations:
control n=20/3 (CTRL2), PATO01_GEFS n=12/2, PATO01_DRAV n=22/3 FAMO001_FS n=5/1, FAMOO1_GEFS n=9/2, FAM001_DRAV n=28/2, all data were

recorded at DIV49. *P =0.05, **P =0.01, **P =0.001, ***P < 0.0001. All means, SEM and P-values of significant differences are listed in Supplementary
Table 1.
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Figure 5 GEFS+, but not Dravet syndrome-derived neuronal networks, respond to anti-seizure medication. (A) Representative burst traces of GEFS+
patients (top) and Dravet syndrome (DS) patients (bottom), including quantification of number of high frequency bursts (HFB) for PAT001_GEFS,
FAMOO01_GEFS and FAMOO1_DRAV lines, and network burst duration (NBD) for PATO01_DRAV in non-treated (NT) patients or those treated with
10 pM topiramate (TOP), valproic acid (VPA), levetiracetam (LEVI) or carbamazepine (CARB). HFB quantification for PAT001_DRAV was not included,
since this line does not show HFB. Dashed line represents median, dotted line represents quartiles. Red dashed line represents control median. (B)
Principal component analysis (PCA) plot of eight multi-electrode array (MEA) parameters, including mean firing rate (MFR), mean burst rate (MBR), net-
work burstrate (NBR), percentage of random spikes (PRS), burst duration (BD), NBD, burst spike rate (BSR) and HFB, showing parameters that explain the
differences in network behaviour between control and patient lines, in either non-treated patients or those treated with anti-seizure medication. Blue
arrows indicate loadings. For all MEA data, n=number of wells/independent differentiations: PAT001_GEFSyt n=13/5, PATO01_GEFSya; n=13/5,
PATO001_GEFStop n=13/5, PATO001_GEFScare n=13/5, PATO01_DRAVynr n=13/5, PAT001_DRAVya. h=15/5 PAT001 DRAV5gp n=14/6,
PATO01_DRAV;py; n=12/5, PAT001_DRAVcarg h=13/4, FAMOO1_GEFSyr n=18/6, FAMOO1_GEFSys. n=24/6, FAMOO1_GEFScaps n=19/4,
FAMOO1_DRAVyt n=7/3, FAM001_DRAVrop n=9/3, FAMO01_DRAVyar n=10/3 FAMOO1_DRAVcagrs n=6/1. Significance calculated using ANOVA with
Kruskal-Wallis test and Dunn’s correction for multiple comparisons. *P = 0.05, **P = 0.01, **P = 0.001, ***P < 0.0001. All means, SEM and P-values of sig-
nificant differences are listed in Supplementary Table 1.
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Table 1 Patient information and SCN1A variant position and
amino acid changes

ID Sex Age (years) Mutation
PAT001_DRAV  Female 4 c.4168G>A (p.Val1390Met)
PATO001_GEFS Female 10 €.2576G>A (p.Arg859His)
FAMOO1_FS Male 49 €.3926T>G (p.Leul309Arg)
FAMOO1_GEFS  Female 14 €.3926T>G (p.Leul309Arg)
FAMOO1_DRAV Male 16 €.3926T>G (p.Leul309Arg)

network state (Fig. 2A), where NB regularity was completely dis-
rupted. The network activity in both SCN1A*~-deficient lines
showed blocks of intense high-frequency periods, consisting of
multiple HFBs, followed by relatively silent periods, and a signifi-
cant increase in PRS, NBR and MBR but a significantly decreased
BD (Fig. 2B and Supplementary Fig. 3A). The PCA showed clear sep-
aration of SCN1A*/~-deficient and control networks (Fig. 2C). In con-
clusion, SCN1A*~-deficient neuronal networks were differently
organized than control neuronal networks, showing a hyperactive-
desynchronized neuronal network phenotype, resembling the pre-
viously identified seizure Prediction Pattern 1 (Fig. 1J).

To determine the contribution of single cell properties to the
phenotype observed in SCN1A*~-deficient excitatory networks,
we examined Na'-current and action potential properties
(Fig. 2D-J and Supplementary Fig. 2L-O). Current/voltage plots
showed a slight reduction in Na*-current density in SCN1A*/~-
deficient neurons (Fig. 2D and E), without changes in the channel
kinetics (Boltzmann-fitting) (Supplementary Fig. 2L). Action poten-
tials in SCN1A*~-deficient neurons had a significantly increased
half-width (Fig. 2G), which is directly related to fast neuronal
Na*-channel activation. Interestingly, this was not reflected by
altered rise dynamics (Fig. 2G). Rather, action potentials in
SCN1A*~-deficient neurons showed a significant decline in decay
dynamics (Fig. 2G, I and J), indicative of altered dynamics in voltage
dependent potassium (Ky)-channels. Indeed, the after hyperpolari-
zation (AHP) time was increased and inter-spike AHPs (AAHP), re-
flecting AHP adaptation, were more hyperpolarized (Fig. 2G).
Because excitability could also be affected by changes in AIS proper-
ties,*® we quantified AIS length but found no significant differences
(Supplementary Fig. 3F and G). Finally, SCN1A*/~-deficient neurons
displayed remarkable irregular firing patterns, with a slightly in-
creased frequency (Fig. 2H and Supplementary Fig. 2N and O). To
conclude, excitatory neurons are affected by SCN1A*~-deficiency,
both at the neuronal network and single cell levels.

Previous evidence in both hiPSC-derived neurons and mouse mod-
els has shown conflicting data regarding the contribution of excita-
tory neurons to the DS phenotype.'*'202126.27 \We wondered
whether the excitatory neuronal network phenotypes might segre-
gate according to the type of mutation and/or the patient clinical
phenotype (GEFS+ versus DS). To this end, we investigated the
role of SCN1A missense mutations in a patient cohort that con-
sisted of patients with severe (DS), intermediate (GEFS+) and mild
(FS) phenotypes (Fig. 3A and B and Supplementary material). In par-
ticular, we studied a family where the same missense mutation in
SCN1A resulted in different clinical phenotypes (Fig. 3A and B and
Table 1). Our final cohort consisted of: two controls, CTRL1 and
CTRL2; one independent GEFS patient: PATOO01_GEFS; one

BRAIN 2023: 146; 5153-5167 | 5163

independent DS patient: PATO01_DRAV; and the SCN1A family,
consisting of control CTRL1, FS patient FAMOO1_FS, GEFS+ patient
FAMOO01_GEFS and DS patient FAM001_DRAV (Fig. 3A and B).

All patient-derived lines showed significantly different network
phenotypes than control (Fig. 3C). PATO01_DRAV, PAT001_GEFS,
FAMOO01_FS, FAMO0O1_DRAV and FAMOO1_GEFS neuronal networks
consisted of significantly less synchronous NBs and more random
spikes (Fig. 3D) than control networks, consistent with seizure
Prediction Pattern 2 (Fig. 1J). Moreover, we observed in PAT001_GEFS,
FAMO01_FS, FAMOO1_GEFS and FAMOO1_DRAV a burst phenotype
that included NBs with HFBs, followed by relatively silent periods,
reminiscent of the burst phenotype of SCN1A*~-deficient lines and
seizure Prediction Pattern 3 (Fig. 3E). In contrast, PATO01_DRAV
neuronal networks did not show this particular HFB phenotype
but presented with a significant increase in NBD (Fig. 3D).
Overall, two different network phenotypes were distinguished.
We found either a desynchronized neuronal network phenotype,
specifically in patient-derived neuronal networks with missense
mutations in SCN1A, or a desynchronized but hyperactive neuron-
al network phenotype, in neuronal networks with a heterozygous
LoF in SCN1A. The segregation of these different network pheno-
types is in line with previously reported seizure-prediction pat-
terns,® and the response of the control neuronal network to
proconvulsive compounds in Fig. 1 (Fig. 3E). The PCA further revealed
four clearly identifiable clusters based on control, SCN1A*~-deficient
and patient lines (Fig. 3F). More importantly, the patient lines sub-
clustered into patients with a missense mutation in the pore domain
of Na,1.1 (PATO01_DRAV) and patients with a missense mutation in
the voltage sensing domain of Na,1.1 (PAT001_GEFS, FAMOO01_FS,
FAMO01_GEFS and FAM001_DRAV) (Fig. 3F). We conclude that the ex-
citatory neuronal network phenotype is dependent on the type of
SCN1A mutation but that different clinical phenotypes could not
be distinguished.

In addition, we investigated if we could uncover mutation-
specific phenotypes based on single cell properties
(Supplementary Fig. 4A-E). In line with the biophysical properties
of a mutation in the pore domain, PATO01_DRAV neurons displayed
a significant reduction in Na*-current density (Supplementary Fig.
4A and B). On the other hand, PATO01_GEFS, FAMOO1_FS,
FAMOO1_GEFS and FAMOO1_DRAV excitatory neurons did not
show a significant different Na*-current dynamics, Vi, or k
(Supplementary Fig. 4B and C). Interestingly, the AAHP was signifi-
cantly more hyperpolarized in all patient-derived neurons with a
mutation in the voltage sensing domain
(Supplementary Fig. 4E). We confirmed that the four different net-
work phenotype clusters we observed were not a result of differ-
ences in synapse density (Supplementary Fig. SA and B).
Moreover, the PCA of the controls used here, combined with alarger
control cohort phenotyped previously,®* showed no observable
clusteringbased on age. Similarly, patients with variable age ranges
clustered based on the type of mutation, but not on age, ruling out a
simple age effect (Supplementary Fig. 5C and D). Finally, we con-
firmed that the four different network phenotypes that we ob-
served here were not a result from changes in excitability due to
alterations in cell viability or changes in AIS length
(Supplementary Fig. 5E-H).

missense

As all patients described in this study experienced febrile seizures,
we examined the response of the neuronal networks to febrile


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad245#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad245#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad245#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad245#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad245#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad245#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad245#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad245#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad245#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad245#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad245#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad245#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad245#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad245#supplementary-data

5164 | BRAIN 2023: 146; 5153-5167

temperatures (Fig. 4A). Increasing the temperature to 40°C led to an
increase in NBR in control lines, which fully returned to baseline
when the temperature was decreased to 37°C (Fig. 4B and C).
Strikingly, all patient lines that displayed NBs with HFBs showed
a significant increase in the number of HFBs at febrile temperatures
(Fig. 4D and E). In basal conditions, the SCN1A family lines could not
be distinguished, but after febrile temperature induction, only
FAMOO01_FS and FAM001_GEFS neuronal network organization re-
turned to baseline, while FAM001_DRAV neuronal networks did
not (Fig. 4E). Interestingly, PATO01_DRAV showed a significantly
higherincrease in NBR than the control and other patient networks,
signifying a higher sensitivity to febrile temperatures (Fig. 4G),
which aggravated during development (Fig. 4H). Moreover, net-
works measured at febrile temperatures showed more distin-
guished clusters on the PCA based on mutation type
(Supplementary Fig. 5I) than at basal temperatures (Fig. 3F). The re-
sponse of the patient neuronal network to febrile temperatures re-
sembled the earlier described response of the control network to
proconvulsive compounds, with an increase in NBR and HFBs as
the most prominent features, corresponding to Prediction
Patterns 1 and 3, respectively (Fig. 1). To conclude, febrile tempera-
tures alter neuronal network organization and aggravate the net-
work phenotype associated with HFBs.

Although ASM prescribed for DS mostly works on the GABAergic
system, we investigated whether ASM could also affect the excita-
tory network phenotype we described and if excitatory networks al-
ready give an indicative prediction of ASM non-responders versus
responders. We therefore tested the response of the excitatory
neuronal networks to the ASMs valproic acid, levetiracetam and to-
piramate, all of which have been prescribed to our patient cohort,
and carbamazepine, which is a general contra-indicated ASM for
DS (Supplementary material). Since the HFB was the main pheno-
typic driver in PATO01_GEFS, FAM001_GEFS and FAM001_DRAV,
we compared the effect of the ASM on this parameter, as well as
on the NBD in PAT001_DRAV. We did not see any significant
changes in the number of HFBs in FAMOO1_DRAV or NBD in
PATO001_DRAV, indicating that excitatory networks alone could
not predict drug efficacy in DS patients (Fig. 5A). However, valproic
acid significantly decreased the number of HFBs in FAM001_GEFS,
while carbamazepine significantly increased the number of HFBs,
in line with the clinical history. Indeed, carbamazepine also aggra-
vated the HFB phenotype in PAT001_GEFS, whereas the neuronal
network remained unresponsive to valproic acid, again in line
with the clinical history of this patient (Fig. SA and Table 2).
While seizures in PATO01_GEFS were responsive to topiramate, it
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aggravated the neuronal network phenotype in vitro. This could
be explained by the fact that topiramate most likely works by inhi-
biting Na*-channels in excitatory cultures and not by modulating
GABA, receptor-mediated currents. Although we could not un-
cover differences between GEFS+ and DS in the basal phenotypes,
the neuronal network remained unresponsive to ASM in DS pa-
tients. Indeed, PCA revealed clear clustering of ASM between trea-
ted and non-treated wells in GEFS+ patients but not in DS
patients (Fig. 5B). To conclude, the response of the main phenotypic
parameter in GEFS+ patients could be predicted in a clinical-
relevant matter, further implicating excitatory neurons as a pheno-
typic contributor and HFBs as an important phenotypic driver.

Discussion

The contribution of excitatory neurons to the DS phenotype has been
heavily debated. The observed excitatory phenotype in some studies,
butnotin others, might be attributed to differences in patient clinical
phenotype or the type of mutation. Here, we provide further evidence
for the involvement of excitatory neurons in DS, in line with previous
reports,?>?? in four independent ways. First, we uncovered
mutation-specific network phenotypes. Of interest, the neuronal
network phenotypes, under basal conditions, did not differ between
patients from one family with the same SCN1A mutation but with dif-
ferent clinical phenotypes. Rather, the neuronal network phenotype
from this family clustered together with that of an independent pa-
tient line with a similar missense mutation in the voltage-sensing
domain. Indeed, mutations in the voltage sensing domain were dis-
tinguished from mutations in the pore domain. Second, we showed
that the patient-derived network phenotypes correspond to the re-
sponse of naive networks to pro-convulsive compounds. Third, we
uncovered a previously unidentified excitatory neuronal network
phenotype, HFBs, which were aggravated by clinical-relevant trigger
febrile temperatures. Finally, the HFB phenotype in GEFS+ patient-
derived neuronal networks responded to the ASMs valproic acid
and carbamazepine in a clinically relevant manner.

We found no observable differences in neuronal network phe-
notypes between individuals from the same family that shared an
identical mutation in SCN1A but presented different clinical pheno-
types. As this family was diagnosed before whole exome sequen-
cing was a routine clinical practice in the Netherlands, we cannot
exclude that the family carries variants in epilepsy-related genes
that could potentially modify the disease severity. More recently
the view has shifted from rare variants with large effects on clinical
phenotypes towards the presence of more common variants in
modifier genes that might tip the balance over to a milder or
more severe clinical phenotype.* Further investigations into the
expression of modifier genes in SCN1A families with different

Table 2 Summary of the clinical anti-seizure medication (ASM) response of each included patient, and the response of the

patient-derived neuronal networks to the same ASM

Sex Clinical phenotype

Seizure control

Neuronal network response

PATO01_DRAV
PATO01_GEFS

Female Dravet syndrome

Female GEFS+
topiramate

FAMOO1_GEFS Female GEFS+

FAMOO1_DRAV Male Dravet syndrome

Levetiracetam, valproic acid. Seizures remain uncontrolled
Seizures unresponsive to valproic acid. Seizure free with

Seizure free with valproic acid

Seizure free with topiramate and valproic acid, seizures
resumed after 5 years

No response
Carbamazepine and
topiramate
Valproic acid and
carbamazepine
No response
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clinical presentations but identical mutations could help to under-
pin how severe or mild clinical phenotypes arise. Moreover, future
studies should confirm the mutation-specific excitatory neuronal
network phenotypes observed here, as this study is limited by the
fact that we used a small cohort of patient lines.

While mutation-specific changes have not been described previ-
ously in SCN1A-deficient excitatory neuronal networks, previous
research uncovered variant-specific alterations in Na,1.1 proper-
ties on a single cell level, in both excitatory and inhibitory
neurons.*>* The type or position of the mutation in the channel
can predict if the mutation leads to Na,1.1 GoF or LoF to some de-
gree.® We observed a significant decrease in Na*-current density
in DS-derived neurons with a missense mutation in the pore do-
main, matching the expected LoF properties of a pore-domain
mutation.® However, we could not detect significant changes in
Na*-currents in neurons with mutations in the voltage sensing
domain. We envisage three explanations. First, the elicited
Na*-currents were affected by space clamp artifacts,?” caused by
the expression of Na*-channels at sites electrically distant from
the neuronal soma. This is in line with numerous other studies in-
vestigating Na*-currents in hiPSC-derived neurons.?'?>25%7
Second, the expression of Na,1.1 in excitatory neurons might be in-
sufficient to properly detect more subtle changes in Na,1.1 cur-
rents, which could be overshadowed by other Na*-channels
working in concert. Small changes in Na,1.1 currents might have
a cumulative effect, explaining why we observed changes in activ-
ity on a neuronal network level. Finally, Na*-channels can function
as a dimer and display coupled gating. Interaction with wild-type
channels could therefore also influence channel kinetics.*® Taken
together, true mechanistic insights into the biophysical properties
of each variant should be measured carefully in expression systems
with proper voltage control.

Interestingly, we report that SCN1A-deficiency and reduced
Na*-current density did not result in reduced firing but rather in-
creased excitability in SCN1A*~-deficient neurons. This could be
due to upregulation of other Na, channels. For example, homozy-
gous null Scnla™~ mice, showed specific upregulation of Na,1.3 in
hippocampal interneurons.’® However, our data also point to a
compensatory mechanism from K,-channels. We uncovered sig-
nificant changes in action potential decay kinetics and AHP in
SCN1A*~-deficient neurons. In addition, we observed a hyperpolar-
izing shift in AAHP in all neuronal lines that displayed HFBs, sug-
gesting similar underlying mechanisms. Moreover, blocking
K,-channels by 4-AP and linopirdine resulted in a similar network
phenotype to HFBs. Compensatory rebalancing in excitatory neu-
rons was observed in previous work. In a Scn2a™~ mutant mouse
model, the K,-channel K,8.2 functions as a genetic modifier, result-
ing in increased susceptibility to epilepsy in pyramidal cells.*’
Additionally, in a mouse model with a GoF mutation in Scn2a, neo-
cortical pyramidal cell hyperexcitability was explained by a reduc-
tion in hyperpolarizing K*-currents.*® Finally, in the Scnib™~ DS
mouse model, increased neuronal input resistance caused pyram-
idal cell hyperexcitability. This phenotype was rescued by the ASM
retigabine, a K,-channel opener that reduces neuronal input resist-
ance.* To conclude, compensatory rebalancing of K,-channels
might explain why SCN1A*~-deficient excitatory neurons appear
as paradoxically hyperactive.

Both this study and previous works fundamentally indicate
that SCN1A mutations do not exclusively affect inhibitory neu-
rons.?>?® However, the role of inhibitory neurons in the patho-
physiology of DS remains indisputable, especially considering
the broad group of ASMs prescribed for DS that target the

BRAIN 2023: 146; 5153-5167 | 5165

GABAergic system. Nonetheless, we uncovered that in excitatory
neurons, the main phenotypic driver, HFBs, responds to ASMs in
a clinically relevant matter in GEFS+ patients, contrary to DS pa-
tient networks. On a clinical level, the DS patients in our cohort
are not seizure free with ASM but rather show decreased seizure
frequency. An excitatory-only neuronal network could therefore
not predict changes in seizure frequency upon ASM administra-
tion. That we were nonetheless able to distinguish GEFS+ and DS
patient responses to ASM further supports the role of excitatory
neurons.

Through which mechanisms the ASM affects the HFB pheno-
type is still unclear. The working mechanisms of valproic acid are
poorly understood and it predominantly functions through region-
al changes in GABA concentration. Previous research uncovered
that valproic acid can also regulate pERK trough attenuation of
the PKA system.*® Interestingly, proteomic signature analysis of
Scnla*~ mice revealed altered protein regulation in excitatory
synapses specifically, implicating a dysregulation of the PKA path-
way, before the seizure threshold.>" It could be that valproic acid al-
ters excitatory neuronal networks through a similar mechanism.
Moreover, topiramate acts as a positive allosteric modulator of
GABA, receptor-mediated currents but also inhibits Na, channels.
In our excitatory only networks, topiramate will clearly not affect
GABAa-mediated currents. Therefore, the sole target of topiramate
in our cultures are Na, channels, which is a contra-indication for
DS. This could explain the aggravated or unaffected HFB phenotype
that we observed. Future research should therefore focus on the in-
corporation of inhibitory neurons to the network,*? which might
serve as a more ideal model for patient-specific drug response in
the context of DS, especially considering the continuous improve-
ment of methods that predict whether an SCN1A mutation will
lead to a relatively mild or very severe clinical outcome.? This could
make an early, targeted pharmaceutical intervention possible.
Since DS requires a different approach than GEFS+, it is of utmost
interest to develop a predictable model system that allows patient-
specific testing of ASMs.

Finally, in the human brain, SCN1A expression increases grad-
ually from neonatal onset into adulthood,”® which is in line with
the developmental expression in the hiPSC-derived neurons de-
scribed here. During development, the expression ratio of SCN1A
in excitatory versus inhibitory neurons decreases in the human
brain, and other Na*-channels become predominantly expressed
in excitatory neurons.>* There might be a critical time window in
which mutations in SCN1A exert their pathogenic effect in excita-
tory neurons. Further investigations of how altered excitation con-
tributes to different disease stages could be an important approach
to further understanding the pathophysiology of DS.
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