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Abstract

Word count: 324

The brain's function mainly consists in the computation of information. In contrast, cellular and molecular neuroscience research
focusses on measurements of cellular states. For a preclinical assay to predict the pharmacological efficacy of a compound it must
model physiological states. By using DishBrain, an in vitro assay capable of embodying neural cultures in a simulated game-world, it
is possible to quantify the information-processing capacity of in vitro neural cultures and determine drug dose-response profiles.
Glutamatergic neuron hyperactivity is associated with numerous psychiatric and neurological conditions. Excess glutamate is
particularly associated with generating and propagating epileptic seizures, and drugs which control epilepsy often reduce
glutamatergic neurotransmission. Here, the inducible overexpression of neurogenin 2 (NGN2) in human induced pluripotent stem
cells (hiPSCs) was used to generate near-pure glutamatergic neural cultures. Conventional anti-seizure drugs (ASDs) were trialed to
determine their effects on the activity of this in vitro model when embodied in the game-world through closed-loop real-time
electrophysiological stimulation and recordings. Spontaneous activity and gameplay sessions were recorded from multielectrode
arrays (MEA) daily from day 21 of differentiation. Cultures were then treated with either DMSO vehicle control, Phenytoin 10-33
UM, Perampanel 1-10 pM, or Carbamazepine 2-200 uM. MEA recordings revealed electrophysiological activity increased significantly
over days as cultures developed. Carbamazepine 200 pM reduced maximum firing rate significantly compared to time-matched
vehicle control, at the same time as increasing key measures of gameplay performance (hit/miss ratio and mean rally length) from
the start of gameplay compared to the end. This is the first time that altered performance in an in vitro model of synthetic
biological intelligence (SBI) by therapeutic compounds has been demonstrated. Interestingly, only dishes treated with functionally
inhibitory compounds exhibited measurable goal-directable activity changes, suggesting a link between the attenuation of
glutamatergic hyperactivity and gameplay performance. Neurocomputational analysis of detailed electrophysiological dynamics of
these cultures further revealed nuances in the activity responses to closed-loop stimulation with different pharmacological
interventions not observable through examining only spontaneous activity.
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Abstract

The brain’s function mainly consists in the computation of information. In contrast, cellular and
molecular neuroscience research focusses on measurements of cellular states. For a preclinical
assay to predict the pharmacological efficacy of a compound it must model physiological states. By
using DishBrain, an in vitro assay capable of embodying neural cultures in a simulated game-world,
it is possible to quantify the information-processing capacity of /n vitro neural cultures and
determine drug dose-response profiles. Glutamatergic neuron hyperactivity is associated with
numerous psychiatric and neurological conditions. Excess glutamate is particularly associated with
generating and propagating epileptic seizures, and drugs which control epilepsy often reduce
glutamatergic neurotransmission. Here, the inducible overexpression of neurogenin 2 (NGN2) in
human induced pluripotent stem cells (hiPSCs) was used to generate near-pure glutamatergic
neural cultures. Conventional anti-seizure drugs (ASDs) were trialed to determine their effects on
the activity of this /n vitro model when embodied in the game-world through closed-loop real-time
electrophysiological stimulation and recordings. Spontaneous activity and gameplay sessions were
recorded from multielectrode arrays (MEA) daily from day 21 of differentiation. Cultures were then
treated with either DMSO vehicle control, Phenytoin 10-33 pM, Perampanel 1-10 pyM, or
Carbamazepine 2-200 pM. MEA recordings revealed electrophysiological activity increased

significantly over days as cultures developed. Carbamazepine 200 uM reduced maximum firing rate
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significantly compared to time-matched vehicle control, at the same time as increasing key
measures of gameplay performance (hit/miss ratio and mean rally length) from the start of
gameplay compared to the end. This is the first time that altered performance in an /n vitro model
of synthetic biological intelligence (SBI) by therapeutic compounds has been demonstrated.
Interestingly, only dishes treated with functionally inhibitory compounds exhibited measurable
goal-directable activity changes, suggesting a link between the attenuation of glutamatergic
hyperactivity and gameplay performance. Neurocomputational analysis of detailed
electrophysiological dynamics of these cultures further revealed nuances in the activity responses
to closed-loop stimulation with different pharmacological interventions not observable through

examining only spontaneous activity.

Introduction

Predicting the clinical efficacy of a pharmacological intervention targeting a disease /in vitro
requires viable assays that physiologically capture the key processes and functions of the tissue or
organ it proposes to model. It is likely that no other biological system is as challenging to
meaningfully model as neural systems. Neurons are highly dynamic cell types whose primary
function is to send, receive and transform electrical signals throughout the brain and periphery.
Current /n vitro models typically provide no stimulation to neural cells, with even state-of-the-art
approaches using spontaneous activity or basic evoked activity as a functional outcome (Campos et
al.,, 2018). Yet, neural systems do not merely fire action potentials, but process structured
information and alter their own activity in meaningful ways. To do this effectively, neural systems
must be able to modulate their activity in response to a variety of cellular and environmental inputs
(Shahaf and Marom, 2001; Mileva et al., 2008; Ly et al., 2012; Ghaderi et al., 2018). The use of a
Synthetic Biological Intelligence (SBI) assay, as recently described (Kagan et al., 2023), may provide
the opportunity to assess not only the functional properties of a disease model, but also nuances
that arise in response to pharmacological intervention. By creating a structured information
landscape through a real-time closed-loop patterning of electrophysiological stimulation and
recording, /n vitroneural cultures can be embodied within a simulated game-world environment, in
this case representing a simplified version of the game Pong. The observation of learning effects
has also been replicated in other environments with various inputs and supports the idea that
exploring the information processing capacity of /n vitro neurons offers a compelling pathway
forward (Cai et al., 2023). Previous work also demonstrated that cultures of cortical neurons within
the DishBrain system displayed activity changes consistent with goal-directed learning, with
significant increases in gameplay performance over time (Kagan et al.,, 2022b). Moreover, these
networks displayed population network activity metrics such as close to critical dynamics
(Habibollahi et al., 2023). However, prior work has focused on /n vitro neural cultures intended to

model phenotypically ‘healthy’ neural activity. Exploring the behaviour of neural cell cultures



designed to model disease characteristics would determine the viability of using SBI systems to

test disease models and screen pharmacological interventions.

Glutamatergic hyperactivity dysregulation is a state where excitatory forebrain neurons’ activity is
high frequency, continuous and non-synchronised (Miladinovic et al., 2015). Post-mortem studies
have associated irregular glutamate signalling with a number of neurological and psychiatric
conditions (Miladinovic et al., 2015). A disease commonly associated with glutamatergic
hyperactivity is epilepsy (Galanopoulou et al., 2012; Nieto-Estévez and Hsieh, 2020; Negraes et al.,
2021). Despite several available disease-modifying therapies, approximately 30% of patients with
epilepsy do not respond to these treatments (Kwan et al., 2011). As with many other neurological
diseases, pre-clinical research to develop new ASDs has predominantly leveraged rodent models
(Putnam and Merritt, 1937; Golyala and Kwan, 2017). The limitations of such models are well
recognized and translate into poor clinical trial outcomes (Galanopoulou et al., 2012). It is likely that
the pathophysiology of human drug-resistant epilepsy, with recurrent spontaneous seizures, is not
adequately recapitulated in induced-seizure rodent models. For this reason, in vitro epileptic-like
cellular models have been developed (Nieto-Estévez and Hsieh, 2020). The ability to demonstrate
compelling dose-response curves in these /n vitro models would be highly useful for drug
discovery. Moreover, this could enable a personalized medicine approach: culturing cells from
patients which display drug-resistant phenotypes, while reducing the need for animal testing

(Kagan et al., 20223, 2023).

Previous work has leveraged neurogenin 2 (NGN2)-reprogrammed neurons to create an /n vitro
model of epilepsy (Alaverdian et al., 2023). By utilizing a robust forward programming platform for
Optimized inducible Overexpression (OPTi-OX) of NGN2, human induced pluripotent stem cells
(hiPSC) can reproducibly generate neuronal populations with glutamatergic hyperexcitability (Ho et
al., 2016; Pawlowski et al., 2017). Here we aimed to use these neuronal cultures as a simple /n vitro
epilepsy model with a focus on hyperexcitability. By assessing the electrophysiological
development of these cultures over time, we evaluated the suitability of validity of the DishBrain
system for disease modelling and drug screening. Finally, given the role of neurocomputational
metrics such as neural criticality in predicting phenotypically normal behaviours in vivo, and the link
these metrics have to epilepsy, we also assessed the population dynamics of these cultures during
spontaneous activity and during gameplay in the DishBrain system (Arviv et al., 2016; Zimmern,
2020; Habibollahi et al., 2023).

Specifically, we hypothesized that NGN2-reprogrammed iNeuron cultures would demonstrate
increased gameplay performance and phenotypically normalized electrophysiological population

dynamics following the administration of existing anti-seizure drugs.



Materials and Methods
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Figure 7: Overview of study design.

A broad overview of the study methodology including cell culture can be seen in Figure 1. All
cultures were maintained in a 37°C, 5% CO2, 5% 02 humidified cell culture incubator (BINDER,
Germany). NGN2 iPSCs were thawed on vitronectin (VTN, ThermoFisher, Australia)-coated T25
flasks (18 pL VTN to 1.8 mL DPBS containing Ca®*/Mg?*, washed with 4 mL DPBS prior to cell
seeding) and maintained in 4 mL StemFlex iPSC media (ThermoFisher, Australia). Cells were

passaged using EDTA (0.5 mM in DPBS).

Neuronal Differentiation

To initiate differentiation, NGN2 iPSCs (Pawlowski et al., 2017) were dissociated with Accutase
(Sigma Aldrich, Australia) and seeded on Geltrex (ThermoFisher, Australia)-coated 24 well plates at
a concentration of 80000 cell per cm2 in 1T mL StemFlex media with 5 uM Y-27632. The next day
(day 0), cells were washed with 1 mL DPBS and media changed to Day 0-1 media (Table 1)
containing doxycycline 2 pg / mL (DOX, Sigma Aldrich, Australia). Cells were maintained in this
media until day 2, when cells were washed with 1 mL DPBS and media changed to Day = 2 media
(Table 1) containing DOX 2 pg / mL. On day 3, cells were washed with DPBS, dissociated with
Accutase and plated on to Poly-D-Lysine-Geltrex coated MaxONE multi electrode array chips
(Maxwell BioSystems, Switzerland) in Day = 2 media (Table 1) containing DOX (2 pg /mL) and 5 uM
Y-27632. 200000 NGN2 cells, and 50000 primary human cortical astrocytes (Sciencell Cat# 1800,

USA; maintained previously according to manufacturer’s specifications) were mixed and plated on



each MEA chip at this time. On days 4 and 5, full media changes in Day = 2 media + DOX were
performed. On day 7, media was changed to Day = 2 media without DOX. Thereafter, half media

changes were performed every second day.

Table 1: Cell culture media used in neural differentiation in the present study.

Formula Item Amount
Day 0-1 media DMEM/F12 (31330-038, Fisher Scientific) 50 mL
P/S (11548876, Fisher Scientific) 500 pl
NEAA (11-140-050, Fisher Scientific) 500 pl
Glutamax (35050038, ThermoFisher) 500 ul
2-ME (31350010, ThermoFisher) 50 pl
N2 supplement (17502-048, ThermoFisher) 500 pL
Doxycycline (2mg/mL) 50 uL (2 pg/mL)
Day 2 onwards (D 2 2) media  Neurobasal (21103049, ThermoFisher) 50 mL
P/S (11548876, Fisher Scientific) 500 pl
Glutamax (35050038, ThermoFisher) 500 ul
2-ME (31350010, ThermoFisher) 50 pl
B27 supplement (17504044, ThermoFisher)  1mL
BDNF (50 pg/mL) 10 pl (10 ng/ml)
NT3 (50 pg/mL) 10 pl (10 ng/ml)
Doxycycline (2 mg/mL) 50 pL (2 ug/mL)

Immunocytochemistry

From day 35 onwards, cultures grown in parallel on plastic tissue culture treated 24-well plates
were washed free of media (3 x 5 min in DPBS -/-) and fixed in 4% paraformaldehyde aqueous
solution (Electron Microscopy Services, USA) for 15 min at RT. Wells were washed once with DPBS
and then permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, Australia) in PBS for 30 min at RT.
Cells were then blocked with 1% normal goat serum in PBS for 30 min and incubated overnight at
4°Cin 0.1% Triton X-100 in DPBS with the primary antibodies shown in Table 2. The next day, after
another 3 washes, secondary antibodies as shown in Table 2 were incubated with the cells for 2 h at
room temperature. Cells were again washed 3 times and DAPI (ThermoFisher, Australia) was
briefly added for 5 min prior to visualisation. Cells were visualised using a Nikon A1Plus Ti ZDrive
confocal microscope (Nikon, Japan), and at least three images (2048 x 2048 pixels with 161 z-steps

of 0.7 um) were recorded per well.

Table 2: Antibodies used in immunocytochemistry experiments.

Group Antibody Usage
Primary Anti-VGLUT2 (Abcam USA, ab79157) 1:1000
Anti-FOXG1 (Abcam USA, ab196868) 1:100
Anti-MAP2 (Abcam USA, ab5392) 1:5000
Anti-PSD-95 (Abcam USA, ab192797) 1:1000
Anti-SYN1 (Abcam USA, ab254349) 1:500

Anti-GFAP (Abcam USA, ab4674) 1:500



Anti-TUJ1 (Merck Australia, MAB1637) 1:1000

Secondary Gt anti rabbit 488 (Abcam USA, ab150077) 1:1000
Gt anti chicken 555 (Abcam USA, ab159170) 1:1000
Gt anti mouse 647 (Sigma Aldrich Australia, SAB4600183) 1:1000

Stain DAPI1mg/ mL (ThermoFisher Australia, 62248) 1:10000

Single Cell RNA Sequencing

Human iPSCs (DO) and iNeurons (D7, D14, D21) were washed once with 1X dPBS before adding
either Accutase (DO) or Accutase containing 20 units/mL of papain, 5mM MgCl2 and 5mg/mL
DNase | (Worthington, United Kingdom) (D7-D21). The cells were incubated at 37°C for up to 5 min
(DO) or up to 45 min (D7-D21) before adding DMEM:F12 (ThermoFisher, United Kingdom)
supplemented with 10% FBS (Sigma). The cells were dissociated using a P1000 and collected in a
15mL tube. After centrifugation, the cells were resuspended in 1X dPBS containing 1% BSA (Sigma)
and 10uM Rock inhibitor (Tocris, United Kingdom) and collected in a 15mL tube capped with a
40um cell strainer. Following centrifugation, cells were washed 3 additional times. Single-cell
suspensions were counted using an automated cell counter (Countess, Invitrogen, United Kingdom)
and concentrations adjusted to 1000 cells/mL. Cells were then hash-tagged using total-seq anti-

human hashtag antibody (BioLegend, United Kingdom) and kept on ice for further processing.

Single cell suspensions were processed by the Chromium Controller using Chromium Single Cell 3’
Reagent Kit v2 by 10x Genomics. Each sample was loaded for a target recovery of 8000 cells per
sample. All the steps were performed according to the manufacturer's specifications. All samples
were sequenced using the Illumina HiSeq platform, with 50,000 reads on average per cell.
scRNAseq samples were processed using the 10x Genomics CellRanger pipeline v3.0.1 using the
GRCh38 genome assembly to produce the gene expression matrices. The filtered gene expression

matrix was used without modifying any cell gating parameters.

Standard quality control was performed in R (v.4.3.1) using Seurat (v.4.4.0): Cells with
mitochondrial RNA below 5% and with 200 to 10000 genes were included. Counts were scaled and

mean expression levels at each timepoint were normalized to day O (hiPSCs) for visualization.

Electrophysiology and DishBrainPharmacology

MEA chip activity was assessed by performing activity recordings using MaxWell MaxONE software
at regular timepoints during neuronal differentiation. Briefly, MEA chips were removed from the
cell culture incubator and placed on MaxWell readers in a non-humidified 37°C 5% CO2 incubator
and equilibrated for 10 min before 5 min of full recording. When chips obtained a culture-wide
average activity of 0.7 Hz (generally between day 21 and day 35 of differentiation), chips were
considered ready for DishBrain gameplay. On days where gameplay was performed, cells were
removed from the cell culture incubator and an activity assay conducted as above to ensure

minimum required activity for gameplay was present. If the chip passed, cells were treated with



one of the following compounds: Phenytoin 10-33 uM, Perampanel 1-10 uM, Carbamazepine 2-200
KM, or DMSO vehicle control, before being returned to the cell culture incubator. After 1 h, cells
were returned to the reader for another activity assay, then closed-loop feedback gameplay was
started as follows: Rest session (15 min), Active session (15 min), Rest session (15 min), Active
session (15 min). After 60 minutes, chips had a full media change (1 mL) and were returned to the
cell culture incubator. In Rest sessions, cell responses were recorded and contributed to gameplay,
but cells were not stimulated with information encoding the gameplay world. In Active sessions,
this information was also provided to the cells. Chips were exposed to 60 min gameplay conditions

a maximum of one time per day, and played for up to four consecutive days.

Data Analysis

Activity assay recordings were analysed to measure average spike firing rate and average spike
amplitude. From gameplay experiments, hit/miss ratio and rally length were calculated and results
summarised for each treatment (drug/dose) group. Summary data is presented as the mean
hit/miss ratio or rally length, the standard error of the mean (SEM), and the count (n) of the
treatment observations. Significance testing was performed to determine differences, if any,
between treatment groups (Student’s t-test or one-way ANOVA with post-hoc Bonferroni multiple
comparison test compared to DMSO vehicle control). A p value less than 0.05 was taken as the
minimum level of significance. The majority of data analysis was performed in Python as described
in section results. Initial electrophysiological analyses were performed using the RStudio (Posit
Software, PBC) Build 463 IDE with R version 4.3.1 and the following packages: tidyverse version
2.0.0, ggsignif version 0.6.4.



Results

NGN2 iNeuron cultures display glutamatergic and neuronal markers

object colocalisation coeff.

Relative Expression

50 Wt

Figure 2: NGN2 cultures express glutamatergic neuron markers. a) Immunocytochemistry of NGNZ cultures
at day 38 showing brightfield, DAPI (blue), and VGLUTZ2 (SLCT7A6; red) labelling. Fraction colocalisation of
the indicated label with objects of the other label are shown to the right. Scale bar, 50 um. b)
Immunocytochemistry in NGNZ cultures showing brightfield, DAPI (blue), FOXGT (green), MAPZ (red), and
PSD-95 (DLG4,; magenta), as well as a merged image. Scale bar, 50 um. ¢) Fold changes in expression of
neural and cortical transcripts before and during induced differentiation. Mean expression is normalised to
day O (hiPSCs).

To confirm the glutamatergic nature of the OPTi-OX NGN2 iNeurons, we began by examining
common neuronal markers at the transcriptional and protein-levels. Immunocytochemistry of
cultures on day 38 revealed the presence of the neuronal markers MAP2 and TUJ1, the synaptic
proteins SYN1 and PSD-95, as well as a high level of expression of VGLUT2 (SLC17A6), a marker of
glutamatergic neurons (Figure 2, a, b, d). We also confirmed the presence of GFAP, the glial
fibrillary protein present in astrocytes (Figure 2, d). We did not observe robust immunolabelling
from FOXG1, a transcription factor required for ventral telencephalic development. Single cell
RNA-Seq experiments further confirmed the upregulation of neuronal, synaptic, and glutamatergic

genes, as well as the downregulation of pluripotency genes, from day O to day 21 of differentiation.



SLC17A7 (VGLUT1T) and NGN2 expression peaked at day 7 before returning to baseline, and FOXG1

expression did not appear to change during the timepoints measured (Figure 2, c).

NGN2 iNeuron cultures display electrophysiological hyperactivity and pharmacological
interventions showcase compound-specific responses
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Figure 3: Initial activity testing and pharmacological manipulations. a) Raster plot showing culture firing
activity prior to and after Carbamazepine (200 uM) administration at day 28. Each row represents one
electrode (of 1024). b) Relationship between mean firing rates and escalating doses of Carbamazepine.
Firing rates were calculated per 100 msec for this analysis. ¢) Analysis of mean firing rate with
administration of different pharmacological compounds. Each group was analysed by one-way ANOVA with
post-hoc Bonferroni test compared to control.

Having confirmed the glutamatergic identity of the neurons in culture, we turned our attention to
characterising their basic functional properties. Cultures developed rapidly over the course of two
weeks, from day 7 to day 21, and displayed robust burst and network activity in all channels (Figure

3, a, shows control activity recorded at day 28). We then measured their activity after the
application of Carbamazepine, Phenytoin, and Perampanel. Carbamazepine had a marked effect on
reducing mean firing rate after 1 h treatment (Figure 3, a), and we observed a dose-response
relationship between increasing Carbamazepine dose and reduced mean firing rate (Figure 3, b). At
200 uM, the reduction in firing activity brought about by Carbamazepine treatment was significant
(Figure 3, ¢; p < 0.05), however Phenytoin and Perampanel did not significantly affect the firing rate

of cultures at either dose tested.

We next investigated the electrophysiological activity of NGN2 cultures during gameplay, and
analysed the mean firing rate calculated per second, the variance of the extracted firing rates, and
the interspike intervals (ISI). The distribution of these metrics is depicted in Figure 4 (a, d, g),

showcasing comparisons between gameplay and rest conditions under control, as well as across



various pharmacological interventions. Statistical comparisons are shown in Figure 4 (b, e, h).
Additionally, we explored the same electrophysiological metrics across different doses and

compared these to the control group as seen in Figure 4 (c, f, i).
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Figure 4. Firing Statistics under control and pharmacological intervention conditions. a, d, g) Comparison of
Mean Firing Rate, Variance of Firing Rate, and Average Interspike Interval (IS1) in both rest and full game
sessions. The sample sizes are n =42, n =42 (Carbamazepine: rest, full game), n = 24, n = 24 (Phenytoin: rest,
full game), n =24, n = 23 (Perampanel: rest, full game), n = 354, n =400 (Control: rest, full game). b, €, h)
Post-hoc Games-Howell test between all the rest and all the full game groups. >: x > y by significance level
and <: x <y by significance level. ¢, f, [) The same metrics calculated for different doses of each drug. The
sample sizesaren=172,n=172;n=6,n=6;n=24,n =24 (Carbamazepine: rest, full game),n=12,n =172, n =
72, n = 12 (Phenytoin: rest, full game), n =12, n =71, n =12, n = 12 (Perampanel: rest, full game) from low dose
to high dose respectively. One-way ANOVA test withing each group and post-hoc Games Howell test
between all the rest and all the full game groups of different doses. # or * indicate p<0.05, ## or ** indicate
p<0.07, ### or *** indicate p< 0.0017.

Analysis of gameplay performance under control and pharmacological intervention
conditions

To evaluate the game performance of cultures exposed to various pharmacological compounds,
three distinct metrics were employed: Average Rally Length (representing the average number of
accurate hits per rally), Hit/Miss Ratio (indicating the ratio of accurate hits to missed balls), and
Aces to Game Ratio (illustrating the proportion of games where the ball is immediately missed
after the initial serve, known as an ace). The distribution of these game performance metrics is
depicted for all groups (Figure 5, a, d, g), and a statistical significance table is presented for
comparing the mean values of different groups (Figure 5, b, e, h). Subsequently, the same metrics

are computed for various doses of each administrated drug (Figure 5, ¢, f, i).
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Figure 5: Game performance analysis under control and pharmacological intervention conditions. a, d, g)
Comparison of Average Rally Length, Hit/Miss Ratio, and Aces to Game Ratio in both rest and full game sessions.
The sample sizes are n =42, n =42 (Carbamazepine: rest, full game), n = 24, n = 24 (Phenytoin: rest, full game), n =
24, n =23 (Perampanel: rest, full game), n = 354, n =400 (Control: rest, full game). b, e, h) Post-hoc Games-Howell
test between all the rest and all the full game groups. >: x > y by significance level and <: x <y by significance level.

¢, £, i) The same metrics calculated for different doses of each drug. The sample sizesaren=12,n=72;n=6,n=6;n
=24, n =24 (Carbamazepine: rest, full game), n =12, n =12, n =12, n = 12 (Phenytoin: rest, full game), n =12, n = 77;
n=12,n=12(Perampanel: rest, full game) from low dose to high dose, respectively. One-way ANOVA test withing
each group and post-hoc Games Howell test between all the rest and all the full game groups of different doses. #
or *indicate p<0.05, ## or ** indicate p<0.07, ### or *** indicate p< 0.001.

We next examined the effect of duration of gameplay on our analysis. Figure 6 (3, b, c) represents
the percentage of changes in average rally length compared to rest under control and all the
pharmacological interventions when studying the first and second half of each recording. The
statistical significance table is presented for comparing the mean values of different groups in
Figure 6 (d, e, f). High doses of Carbamazepine (200 uM) are the only group showing a significant

improvement in time in terms of the average rally length compared to rest.
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Figure 6: Time-based game performance analysis under control and pharmacological intervention conditions. 3,
b, ¢) Comparison of Average Rally Length changes in full game sessions vs rest when comparing the first and
second half of each recording. d, f, h) Post-hoc Games-Howell test between all the first and all the second half
groups. >: x > y by significance level and <: x <y by significance level. *indicates p < 0.05.

Bursting patterns of activity under control and pharmacological intervention conditions
Drawing inspiration from the burst classification methods outlined in (Wagenaar et al., 2006), we
extracted quantitative details from the bursting patterns of the recordings from each /n vitro

culture.

In certain recordings, bursts displayed highly consistent sizes, while others exhibited a broad range
of burst sizes. For each recording from a specific culture, N* denotes the number of spikes in the
third-largest burst. Bursts containing at least 75% of N* spikes were categorized as large, those
with at least 25% but less than 75% of N* spikes were deemed medium, and bursts containing

fewer than 25% of N* spikes were labeled as small.

We proceeded to tally the number of small, medium, and large bursts in all recordings.
Furthermore, we normalized the counts of various burst sizes in all subsequent sessions to the

count of those burst sizes in the initial rest session recording.

Figure 7 (a, b, ¢) shows the number of extracted small, medium, and large bursts from full game
and rest sessions under control and all the pharmacological interventions. Post-hoc statistical
significance for the comparisons between groups are visually represented in Figure 7 (d, e, f). The
same metrics are then illustrated for various administrated doses of each drug compared to the

control group in Figure 7 (g-o).

The count of small bursts dropped significantly both during rest and gameplay with administration
of all compounds. The count of large bursts also significant decreased in both Carbamazepine and
Phenytoin groups during gameplay relative to control and significantly decreased in the Phenytoin

and Perampanel-treated groups during rest compared to the control group.
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Figure 7: Burst pattern analysis under control and pharmacological intervention conditions. a, b, ¢) The
normalized number of small, medium, and large bursts for rest and full game sessions of all control and
drug treated cultures. The first rest session recording of each experiment is used for normalization. The
sample sizes are n = 35, n = 35 (Carbamazepine: rest, full game), n = 20, n = 20 (Phenytoin: rest, full game),
n =20, n =20 (Perampanel: rest, full game), n = 97, n = 95 (Control: rest, full game) from left to right. One-
way ANOVA test. d, e, f) Post-hoc Games-Howell test between all the rest and all the full game groups. >:
x >y by significance level and <: x <y by significance level. g, h, i, j, k, , m, n, o) Comparison of the same
burst pattern metrics between different administrated doses of each drug. One-way ANOVA test within
each group and post-hoc Tukey’s test between all the rest and all the full game groups. # or * indicate
p<0.05, ## or ** indicate p<0.07, ### or *** indicate p< 0.001.

Figure 8 (a, c) shows the Pearson correlation values between each of the burst pattern metrics and
different electrophysiological and game performance metrics including the metrics introduced
previously. The corresponding p-values are illustrated in Figure 8 (b, d). Interestingly, the Mean
Firing Rate appears to be negatively and significantly correlated with the number of small and large

bursts in the cultures.
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Figure 8: Pearson correlation test between the burst pattern and the game performance metrics. a, ¢) show
the correlation values while b, d) report the corresponding p-values of the Pearson test.

Critical dynamics of cultures under control and pharmacological intervention conditions
Dynamical systems undergo transitions between ordered and disordered states, and the concept of
"criticality" emerges when the system resides at the boundary between these states—where the
input is neither strongly damped nor excessively amplified. Failures in adaptive criticality may
contribute to impairments in brain function, such as those observed in dementia or epilepsy.
Building on insights from Habibollahi et al. (2023), an avalanche analysis was conducted to examine

the network in relation to its proximity to criticality.

The start and end of an avalanche are determined by crossing a threshold of network activity, with
spikes from any or all neurons within a specified region capable of triggering an avalanche. The
scale-free dynamics of detected neuronal avalanches, along with metrics such as the Deviation
from Criticality Coefficient (DCC), Branching Ratio (BR), and Shape Collapse error (SC error), were
assessed to gauge whether the recordings were poised near criticality Habibollahi et al. (2023). A

lower DCC and SC error, along with a BR closer to 1, serve as indicators of a state near criticality.

In this study, all these metrics were extracted for both gameplay and rest conditions under control,

as well as for different applied doses of pharmacological interventions, as illustrated in Figure 9

Figure 9 (a, b, c) show the number of extracted DCC, BR, and SC error from full game and rest
sessions under control and all the pharmacological interventions. Post-hoc statistical significance
for the comparisons between groups are visually represented in Figure 9 (d, e, f). The same metrics
are then illustrated for various administrated doses of each drug compared to the control group in

Figure 9 (g-o).



The results demonstrate that criticality metrics are greatly disrupted both under control and
pharmacological intervention in both game states. Some small variations are observed such as
decreased DCC and increased BR values in low doses of Carbamazepine (2uM) or decreased SC
error in higher doses (200puM) compared to control during gameplay. The BR also display a
significant increase when comparing gameplay to rest state in 200pM Carbamazepine. Overall,
there is limited expression of the various criticality metrics in these near pure glutamatergic neural
cells which is supported by previous literature which showed that critical state dynamics arise from

a balance of excitatory and inhibitory neuronal networks.
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Figure 9: Criticality analysis under control and pharmacological intervention conditions. a, b, ¢c) The
Deviation from Criticality Coefficient (DCC), Branching Ratio (BR), and Shape Collapse error (SC error) for
rest and full game sessions of all control and drug treated cultures. The sample sizes are n =24, n =36
(Carbamazepine: rest, full game), n = 20, n = 24 (Phenytoin: rest, full game), n =12, n = 79 (Perampanel: rest,
full game), n = 288, n = 369 (Control: rest, full game) from left to right. One-way ANOVA test. d, e, f) Post-
hoc Games-Howell test between all the rest and all the full game groups. >: x > y by significance level and <:
x <y by significance level. g, h, i, j, k, [, m, n, o) Comparison of the same criticality metrics between different
administrated doses of each drug. One-way ANOVA test withing each group and post-hoc Tukey’s test
between all the rest and all the full game groups. # or * indicate p<0.05, ## or ** indicate p<0.07, ### or
*** indicate p< 0.001.



Figure 10 (a, c) shows the Pearson correlation values between each of the criticality metrics and
different electrophysiological and game performance metrics including the metrics introduced
previously. The corresponding p-values are illustrated in Figure 10 (b, d). Culture game
performance measured in Hit/Miss Ratio is negatively and significantly correlated with SC error

while Mean Firing Rate appears to have a positive and significant correlation with this criticality
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Figure 10: Pearson correlation test between the criticality and the game performance metrics. a, ¢) show the
correlation values while b, d) report the corresponding p-values of the Pearson correlations.

Functional connectivity of cultures under control and pharmacological intervention
conditions

In order to determine how ASD administration affected underlying network activity at rest and
during gameplay, we used neuronal spiking activity to construct functional connectivity networks
for all recordings. Due to the extensive duration of the recordings at a 20 kHz sampling frequency,
the resulting time series data was substantial. Following the approach outlined in Khajehnejad et
al. (2023), dimensionality reduction techniques, particularly t-SNE (Van der Maaten and Hinton,
2008), were employed to enhance computational efficiency and improve data interpretability. The
3-dimensional representations obtained using t-SNE for both rest and gameplay recordings were
utilized to investigate latent network structures. Firstly, to assess the effectiveness of these low-
dimensional representations, all recording sessions were divided in half before applying
dimensionality reduction. Figure 11 (c, f, i, |) depicts these results after color labeling the first and
second halves of the recording sessions for sample cultures during gameplay and rest conditions.
The visualization shows that while the two halves of gameplay sessions are distinguishable using t-

SNE, the distinction is less evident during rest sessions.



Functional connectivity network matrices were then constructed using zero-lag Pearson
correlations for each gameplay or rest session recording, with the 1024 channels as nodes and
weighted edges representing functional connectivity. Only edges with Pearson correlation absolute

values above 0.7 were retained.

Considering that only a fraction of neurons fire at any given time within complex neural networks,
inspired by Khajehnejad et al. (2023), a method was utilized to reduce computational complexity
while preserving network dynamical properties. This involved identifying a subset of recorded
channels that likely monitored neuronal populations specifically attuned to the ongoing task.
Tucker decomposition via higher-order orthogonal iteration on tensor data from all lower-
dimensional representations of the recordings was employed to identify a consistent subset of
channels across all neuronal cultures. K-medoid clustering was then applied to partition the data
into 30 clusters, and the corresponding 'medoids' were extracted as the mutual representative

channels amongst all cultures.

Then, another network matrix using Pearson correlation was built with these 30 channels as nodes.
The resulting functional connectivity networks were derived separately for the first and last 5

minutes of every recording.

Figure 11 (a-k) illustrate the heatmap of correlation values (i.e. edge weights) in the constructed
functional connectivity networks for both the full network (1024 channels) and the smaller network

(30 representative channels) and during rest and gameplay sessions.
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Figure 71: Functional connectivity networks of rest and gameplay sessions under control and pharmacological
interventions. a-b, d-e, g-h, j-k) Heatmaps illustrating the average edge weights between all channels (on the
left) or the 30 representative channels (on the right) in the Pearson Correlation network constructed from all
rest and all full game recordings under control and pharmacological intervention conditions. The sample
sizes are n =42, n =43 (Carbamazepine: rest, full game), n = 24, n = 24 (Phenytoin: rest, full game), n =24, n =
24 (Perampanel: rest, full game), n =354, n =400 (Control: rest, full game). One-way ANOVA test. ¢, £, i, )
Low-dimensional representation of samples of rest and full game sessions using t-SNE under control and
pharmacological intervention conditions (Carbamazepine, Phenytoin, and Perampanel, from top to bottom,
respectively). The green and purple dots are the channel representations in the embedding space in the first
and second halves of the recordings, respectively.

We then studied various macroscopic metrics of the connectivity network for the control group and

all the different doses of the pharmacological interventions. The measured metrics encompassed:

1. Average Weight: This metric illustrates the mean value of Pearson Correlations calculated

between pairs of spiking time series in each culture.

2. Modularity Index: This index quantifies the extent to which a network can be partitioned into
distinct and internally cohesive groups or communities. It evaluates how nodes form
clusters that are more densely connected within themselves than with nodes outside the

cluster.

3. Clustering Coefficient: This measure quantifies the tendency of nodes to form clusters or
highly connected groups, providing insights into the local connectivity of the network by

assessing the likelihood that neighbours of a particular node are connected to each other.

Figure 12 represents these derived network metrics for the gameplay and rest sessions under

pharmacological interventions and well as the control sessions.
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Figure 72: Network summary statistics between gameplay and rest recordings using all of the recorded
channels under control and different drug treatments. a, b, ¢, d) Average weight, e, f, g, h) Modularity Index,
and i, j, k, l) Clustering coefficient values for gemeplay and rest recordings under control and all
pharmacological interventions using the entire recording length from all 1024 recorded channels. One-way
ANOVA test withing each group and post-hoc Tukey’s test between all the rest and all the full game
groups. # or *indicate p<0.05, ## or ** indicate p<0.01, ### or *** indicate p< 0.001.

Next, to evaluate the dynamics of the functional connectivity networks in time, we divided each
recording into 5 minute intervals and visualized the connectivity networks for the first and last 5

minutes of each group. Figure 13 represents these findings in both gameplay and rest sessions.
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Figure 13: Changes in the functional connectivity networks of rest and gameplay sessions under control and
pharmacological interventions. Heatmaps illustrate the change in average edge weights between (a-b, e-f, i-
J, m-n) all channels or (c-d, g-h, k-, o-p) the 30 representative channels in the Pearson Correlation network
constructed from the first and last 5 minutes of all rest and all full game recordings under control and
pharmacological intervention conditions.

As a result of all pharmacological interventions, these functional connectivity networks using the
low-dimensional representations of neural activity during rest and gameplay reveal distinct
patterns evolving over time specifically during gameplay. This contrasts with the absence of such
patterns during the spontaneous activity observed at rest. This difference is evident when
considering both the full network (1024 channels; Figure 13, left panels) and the smaller network

(30 representative channels; Figure 13, right panels).

We then studied the changes in the introduced macroscopic network metrics from
pharmacological interventions when comparing the first and last 5 minutes of recordings. We

utilise the first and last 5-minute time intervals, for both the full network and the smaller network.

Figure 14 and Supplementary Figure 1 represent the evolution of the macroscopic network metrics
over time under the various pharmacological interventions using the full and the smaller networks,
respectively. Figure 15 studies the same network statistics for various doses of administrated
drugs. Carbamazepine appears to only show a significant change in network dynamics under its
high dose administration (200 uM). Increasing average weight and clustering coefficient as well as
decreasing modularity index is observed during gameplay but not in rest using all of the
administrated drugs. While these differences in gameplay are more significant for Phenytoin and
Perampanel, specifically using the full network in Figure 14, they rapidly lose the changes which
arise during the initial embodiment in the gameplay environment and return to baseline levels
observed during rest. This returning to baseline effect is not observed after Carbamazepine

administration.
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Figure 74: Network summary statistics between the first and last 5 minutes of full game and rest recordings
using all of the recorded channels under different drug treatments. a, b, ¢) Average weight, d, e, f) Modularity
Index, and g, h, i) Clustering coefficient values for the first and last 5 minutes of recordings under all
pharmacological intervention using all 1024 recorded channels. One-way ANOVA test withing each group
and post-hoc Tukey’s test between all the rest and all the full game groups. # or * indicate p<0.05, ## or **
indicate p<0.01, ### or *** jndicate p< 0.001.
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Figure 15: Network summary statistics between the first and last 5 minutes of full game and rest recordings
using all of the recorded channels under different doses of drug treatments. a, b, ¢) Average weight, d, e, f)
Modularity Index, and g, h, i) Clustering coefficient values for the first and last 5 minutes of recordings under
all doses of the pharmacological interventions using all 1024 recorded channels. One-way ANOVA test
withing each group and post-hoc Tukey’s test between all the rest and all the full game groups. * indicates
p<0.05, ** [ndicates p<0.07, *** indicates p< 0.001.

Discussion

Modelling dynamic environments through closed-loop electrophysiological stimulation and
recording, provides a method to embody simple neural cultures in a simulated game-world and
may offer additional information over existing drug-response assays. By using an /n vitro epilepsy-
like model characterised by glutamatergic hyperactivity, we intended to explore the behaviour of
these cells in a structured information landscape and the impact of pharmacological interventions
intended to suppress electrophysiological hyperactivity. Using the OPTi-OX system (Pawlowski et
al., 2017), NGN2-iNeurons were generated, which displayed elevated levels of glutamatergic
markers. These NGN2-iNeurons demonstrated heightened electrophysiological activity, greatly
exceeding that of primary cortical rodent cultures and dorsal forebrain cultures intended to model
healthy activity (Kagan et al., 2022b). It is also interesting to note that the activity of these inducible
lines far exceeds the activity of NGN2 iNeuron cultures previously generated using viral methods
and tested in the DishBrain system, which did show evidence of statistically significant learning
over time without pharmacological intervention (Kagan et al., 2022b). Whether these results reflect

a greater consistency of NGN2 overexpression with the OPTi-OX system relative to viral methods,



or instead that the OPTi-OX system results in similar transgene expression but with more
hyperactivity in the resulting cultures, is difficult to conclusively determine here. Either way, these
data suggest that OPTi-OX NGN2 iNeurons can produce a robust model of epilepsy-like
glutamatergic hyperactivity (Galanopoulou et al., 2012; Nieto-Estévez and Hsieh, 2020; Negraes et
al., 2021; Alaverdian et al., 2023). Further support for this model’s functionality was observed in the
compound-specific electrophysiological modulation achieved when various ASDs were introduced

to the cultures.

Preliminary pharmacological treatments of these cultures showed a reduction in culture activity
after an hour of exposure to ASDs. As expected, we observed concentration-response relationships
between the dose of drugs administered, and mean culture firing rate, indicating the presence of
the drug’s respective receptor targets, and the sensitivity of the glutamatergic hyperexcitable
phenotype to pharmacological manipulation. The mechanism of action of all three compounds
tested is established: perampanel binds non-competitively and selectively to AMPA-type glutamate
receptors (Patsalos, 2015), and both phenytoin and carbamazepine block voltage gated sodium
channels on the surface of neuronal cell membranes (Kuo, 1998; Sun et al., 2006; Hakami, 2021).
The effect of ASD administration is a reduction in abberent neuronal excitability associated with
seizures leading to a decreased likelihood of depolarization and action potential. The reduction in
firing rate we measured in this study is consistent with the mechanism of action these compounds
display clinically, and led us to question if the acute drug effect would translate to modulation of

gameplay performance in the DishBrain assay.

When examining the overall gameplay performance characteristics of the neural cultures,
significantly more variance was observed in control cultures without pharmacological intervention.
Despite this variation, the mean performance for cells, when treated with carbamazepine, was
statistically improved (more hits, longer rallies, fewer aces) when compared to control cells and
other treatment groups. Similarly, only the 200 yM carbamazepine group showed overall
significantly higher performance on average rally length in gameplay compared to rest. This result
becomes more pronounced when looking at learning over time instead of just between groups
overall, consistent with previous work in this area (Kagan et al., 2022b). Despite these statistically
significant differences, the effect sizes are notably smaller than in previous work. Moreover, no
statistically significant learning effects were observed over time in untreated cultures. Given the
substantially different electrophysiological profile of the NGN2-iNeurons tested in this work
relative to the virally induced NGN2 cells tested previously, this may reflect the possibility that
epilepsy-like hyperactivity is not conducive to information processing and learning. This is
supported by the observation that these small but significant learning effects occurred after the
loss of the majority of activity in the presence of 200 uM carbamazepine. If so, this would provide

some support for the use of these cells as a disease model, in-line with previous work (Alaverdian



et al., 2023). Alternatively, it may indicate that the previously validated DishBrain platform is not a
suitable assay for these specific cells and that variations must be extensively titrated to determine a
suitable learning protocol. These questions form an important direction for future research.
Nonetheless, it is interesting to observe that learning effects correspond with the compound
specific impact on electrophysiological activity. Carbamazepine showed the greatest reduction in
activity compared to controls out of all compounds tested and likewise showed the greatest
learning effect. Whilst we are unaware of differences in clinical efficacy (seizure recurrence or
remission) for monotherapy of epilepsy (Nevitt et al., 2019), binding affinity at the sodium channel
appears to be stronger with carbamazepine compared to phenytoin (Kuo et al., 1997) and may
explain the differences in culture activity and learning outcomes seen in this system. Likewise,
consistent trends over time were also observed following the administration of ASDs to the
hyperactive cultures. Formally, this does support the predictive validity of the model as a useful
tool to investigate information processing of hyperactive epilepsy-like neural cultures that

showcase glutamatergic overexpression.

Moreover, extending beyond whether neural cultures showcased any overt evidence of improved
gameplay performance, it is also interesting to compare and contrast different electrophysiological
phenomena while cells are embodied in the structured information landscape vs engaged only in
spontaneous activity. For example, looking at different sizes of network burst activity, Phenytoin
appears to significantly increase medium bursts during gameplay, but not during rest, while
Perampanel has a similar effect on small bursts. The influence of these effects across different
dosages appears reasonably consistent and likely reflects key mechanistic insights into the nuances
of a particular compound influences neural activity both with and without structured stimulation.
Without the ability to embody neural cultures in these closed-loop systems, it would not be
possible to extract this data, providing further evidence as to the utility of this approach for future
studies. Examining simple pairwise correlations did not reveal a direct and obvious link between
these bursting patterns and gameplay characteristics. However, future work focused on explaining
these mechanisms could aim to build more nuanced computational models to understand whether
the existence of any moderated or mediated pathways do exist. Similarly, previous work
established that when neural systems intended to model healthy activity placed in a closed-loop
structured information landscape would show significantly closer to critical dynamics compared to
when engaged in spontaneous activity alone (Habibollahi et al., 2023). Given that criticality has
been identified as a clinically relevant metric and is specifically associated with epileptiform
activity, it was a meaningful metric to consider in this work as well (Arviv et al., 2016; Zimmern,
2020). Consistent with this previous literature, criticality was found to be greatly disrupted in these
cultures, even though some small evidence of variations due to pharmacological intervention and

game state was found. The limited expression of the various criticality metrics in these near pure



glutamatergic neurons also supports previous literature which showed that critical state dynamics
arise from a balance of excitatory and inhibitory neuronal networks (Van Vreeswijk and
Sompolinsky, 1996; Poil et al., 2012). Thus, the lack of excitatory-inhibitory balance in this work may
explain the limited observations of critical dynamics and learning effects, relative to previously
reported levels (Habibollahi et al., 2023). Despite this, it can still be observed that correlations
between some criticality and performance metrics had a significant relationship. While this was not
replicated across all measures, it provides support for further consideration of critical dynamics as

a marker of pre-clinical pharmacological intervention.

Finally, we also explored the functional connectivity within neural cultures both unstimulated and
when embodied in the gameplay environment. Previous research has found that functional
connectivity is linked to key behavioural changes within /n vitro cultures when embodied in
structured information landscapes (Cai et al.,, 2023; Khajehnejad et al.,, 2023). This work is
replicated here using low-dimensional representations of neural activity. Clear differences can be
observed during gameplay, which are not seen during the purely spontaneous activity displayed
during rest. This represents a degree of reorganisation in neural cultures, even if such organisation
does not extend towards robust metrics of improved gameplay performance. When examining the
average edge weights, either looking at all channels or the condensed 30 representative channels,
it is apparent that there exists far more structure in the changes occurring in the cultures during the
gameplay compared to rest, where minimal structured changes appear. Nonetheless, while looking
at the network summary statistics between different pharmacological interventions during
gameplay and rest a more nuanced picture emerges. In particular, it appears that administration of
either Phenyotin and Perampanel results in the average weight, modularity index, and clustering
coefficient metrics rapidly losing the changes which arise during the initial embodiment in the
gameplay closed-loop environment, and returning to baselines levels observed during rest. In
contrast, Carbamazepine administration results in more stable networks that do not return to
resting baseline. Future research using more controllable paradigms — ideally allowing for
prolonged testing times — will be required to interpret these results and forms an important
direction for future research. Providing mechanistic interpretations of nuanced changes observed
in these dynamic systems exceeds the scope of this specific research. Despite this limitation, these
results do showcase the utility of conducting pharmacological assays in neural cultures when
assessing SBI characteristics in a closed-looped structured information landscape. While the
preclinical relevance of the metrics, such as functional connectivity, are yet to be conclusively
determined, the additional data provided by an SBI approach can allow future research to create
more predictive models to better understand how neural cultures are influenced by

pharmacological intervention.



Apart from the specific limitations already discussed, this paper also acknowledges several notable
general constrains. Foremost, the /n vitro epilepsy-like model adopted for this paper is a 2-
dimentional monolayer culture. While this allowed rapid generation and iterations in testing
different pharmacological compounds at a reasonably high throughput, it's likely that this does not
capture the more complex activity which occurs in epilepsy. The generation of 3-dimensional
neural organoids in simulated information rich environments has previously been proposed as a
method called Organoid Intelligence (Ol) (Harris et al., 2018; Hartung et al., 2023; Smirnova et al.,
2023). An Ol approach may offer the ability to determine even more complex interactions between
the neural systems and pharmacological interventions. Additionally, future work could also
consider generating and evaluating /n vitro models from donors who display genetically related
forms of epilepsy (Miller et al., 2001; Tejavibulya and Sia, 2016). Another key limitation of this work
is that of the limited time window that testing could be undertaken, as previously explored, the
DishBrain setup allows for restricted testing periods as the heat generated by the MEA system
results in evaporation and changes in osmolarity of the cell culture media. These changes
eventually result in degradation of cell health and eventual cascades of cell death in the cultures.
Future work should aim to use systems that either generate minimal heat or adopt an approach of
embedding neural cultures in closed-system perfusion circuits capable of a constant homeostatic
control of the cell culturing environment. Further, while the drugs and doses chosen for this study
represent established options for the treatment of epilepsy and have been used in similar
preclinical drug screens involving NGN2 iPSC-derived neurons (Zhao et al., 2023), a more
comprehensive panel of ASDs can be identified, including those with differing mechanisms of
action. As such, future work could utilise wider libraries of compounds to gain a deeper insight into
the effects of suppression of neuronal excitability on this system. Finally, this work intended to use
the previously validated DishBrain system, however this assay was not titrated on a disease-model.
It is possible that using different stimulation or recording settings might yield different
performance outcomes. Future work should aim to use more modifiable systems capable trialling
different learning environments and being able to iterate through different stimulation and

recording assays rapidly.

Ultimately this work aimed to explore the utility of induced NGN2 neural cultures as a simple /n
vitro epilepsy model with a focus on glutamatergic hyperexcitability. Such cultures displayed strong
electrophysiological activity along with an overexpression of glutamatergic markers. It was
specifically hypothesized that the NGN2 cultures would show increased gameplay performance
and closer to phenotypically normal electrophysiological population dynamics following the
administration of appropriate pharmacological interventions. This hypothesis was supported, as
gameplay performance improved upon administration of ASD pharmaceuticals consistent with the

observed suppression of activity achieved in a compound specific manner. The use of a closed-loop



real-time system of electrophysiological stimulation and recording to test the learning processes
of these neural cultures within a simulated game-world under different conditions, provided
significantly more information than through standard /n vitro pre-clinical methods. While
substantial future research is required to refine these models and improve the hardware, software,
and wetware (cell culturing) over that used in these assays, this study does robustly support the
utility of an SBI approach to testing the pre-clinical potential of pharmaceutical interventions.
Despite these limitations, by testing this method to better capture the key functionality of neural
systems (i.e., information processing), it has been possible to showcase how additional information
not available with traditional techniques can be extracted. In the future, this approach could
potentially demonstrate enhanced predictability for clinical trial data, paving the way for pre-

clinical compound validation in a relevant human model system.
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Supplementary Figure 1: Network summary statistics between the first and last 5 minutes of full game and
rest recordings using the 30 representative channels. a, b, ¢) Average weight, d, e, f) Modularity Index, and g,
h, i) Clustering coefficient values for the first and last 5 minutes of recordings under all pharmacological
intervention using the 30 representative channels. One-way ANOVA test withing each group and post-hoc
Tukey’s test between all the rest and all the full game groups. # or * indicate p<0.05, ## or ** indicate

p<0.07, ### or *** indicate p< 0.001.

Data Availability Statement

The imaging data in this study can be found in the figures; original high-res versions can be
provided upon reasonable request. The raw RNA-Seq data files can be provided upon reasonable
request. The electrophysiological datasets generated and analysed in this study can be found at the

following repository: https://osf.io/xwf7v/?view_only=c731e5dbceeb4bf98032b9c5e0449e76.
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