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Abstract

Discovery of therapeutics for neurological diseases is hampered by the lack of predictive /n
vitroand in vivo models. Traditionally, /n vitro assays rely on engineered cell lines grown
two-dimensionally (2D) outside a physiological tissue context, which makes them very amenable
for large scale drug screening but reduces their relevance to /77 vivo neurophysiology. In recent
years, three-dimensional (3D) neural cell culture models derived from human induced pluripotent
stem cells (iPSCs) have been developed as an /n vitro assay platform to investigate brain
development, neurological diseases, and for drug screening. iPSC-derived neural spheroids or
organoids can be developed to include complex neuronal and glial cell populations and display
spontaneous, synchronous activity, which is a hallmark of in vivo neural communication. In this
report we present a proof-of-concept study evaluating 3D iPSC-derived cortical neural spheroids
as a physiologically- and pharmacologically-relevant high-throughput screening (HTS) platform
and investigate their potential for use for therapeutic development. To this end, a library of

687 neuroactive compounds were tested in a phenotypic screening paradigm which measured
calcium activity as a functional biomarker for neural modulation through fluctuations in calcium
fluorescence. Pharmacological responses of cortical neural spheroids were analyzed using a multi-
parametric approach, whereby seven peak characteristics from the calcium activity in each well
were quantified and incorporated into principal component analysis and Sammon mapping to
measure compound response. Here, we describe the implementation of the 687-compound library
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screen and data analysis demonstrating that iPSC-derived cortical spheroids are a robust and
information-rich assay platform for HTS.

Keywords
iPSC; neural spheroids; high-throughput screen

Introduction

Neurological disorders are the leading cause of disability and second leading cause of

death worldwide 12, In recent years, diagnoses for both psychiatric and neurodegenerative
diseases have increased due to factors such as increased aging populations and ineffective
treatment options 23. Although there is increased investment in research and development
for neurological diseases, still only around 10% of treatments in clinical trials reach approval
by the United States Food and Drug Administration 4-6. While this high failure rate is

in part because of the cost and complexity of clinical trials, inadequate disease modeling

and drug-screening platforms play a significant role as well ®7. One way to address this
treatment deficit is through the development of drug discovery platforms that have improved
predictability of efficacy and safety.

Three-dimensional (3D) cellular organotypic models, including cortical neural spheroids
and organoids derived from human induced pluripotent stem cells (iPSCs), have emerged
as an alternative drug discovery platform to traditional two-dimensional (2D) /n vitro and
animal model approaches 8. Traditional 2D cellular models rely on engineered cell lines
which, although powerful as tools to develop technically robust assays for large scale drug
screening, do not capture the molecular biology of cells in their native physiological tissue
context, thus reducing /n vivo neurophysiological relevance. While animal models have
provided valuable insight into the function of neural circuits, species differences exist that
often limit the scope of these studies 1911, These differences are particularly pronounced
in brain areas such as cerebral cortex which, as the most recently evolved brain structure,
is significantly more complex in both structure and function in humans compared to other
animals 1213,

Three-dimensional iPSC-derived cortical spheroids and organoids, in contrast to 2D /in
vitro models, acquire a more brain-like neural cell complexity to model /n vivo neural
connections and may therefore represent more physiologically-relevant models 14-16. Both
cerebral and patterned brain organoids are generated by iPSC growth and differentiation
to form large complex cellular arrangements with some brain-like spatial architecture.
While complexity varies between the preparations, both have demonstrated utility over 2D
models 8-917, While organoids may have higher physiological relevance and biomimicry
than spheroids, their production requires long incubation times, they are heterogenous in
cell composition and size, and their large size can generate a necrotic core and makes the
development of functional assays more challenging for high-throughput screening (HTS) 8.
Spheroids are generated by cellular self-assembly and include different neural cell-types.
Though spheroids are generated with less structural organization compared to organoids,
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their assembly requires shorter incubation times and produces smaller, highly homogenous,

functional cellular aggregates, which make them more amenable for use in HTS applications
17,18

Additionally, 3D cortical spheroids show both longer neurite growth and increased
population neural activity compared to 2D models 1517, Dimensionality differences provide
advantages to 3D models, enabling the structural formation of synapses that facilitate
neuronal communication through the release of neurotransmitters and ions that produce
action potentials within single cells. Local field potentials (LFPs) represent the summation
of these spontaneously generated action potentials among groups of neurons, and this
activity occurs as synchronous oscillations within a system that are generated spontaneously
to drive neuronal communication between brain regions in vivo 1920, Previous reports have
shown that 3D cortical spheroids display spontaneous, synchronized activity that is more
reproducible than what is observed in 2D cultures, suggesting that these systems are more
translatable than 2D models 1517, Network activity is a critical aspect of in vivo neuronal
communication and disease modeling, given that synchronous cortical neuronal activity
regulates cognitive behaviors such as attention and working memory, which are impaired

in diseases like schizophrenia and addiction 21-24, This spontaneous, synchronized neuronal
activity can be measured through changes in intracellular calcium concentrations, which
correlate with the electrophysiological properties of neurons, and measured with a calcium
dye on a fluorescent imaging plate reader (FLIPR) 17:25. Moreover, global cell population
activity is impaired in disease states but can also be modulated and controlled through
pharmacological manipulation 17:18, As such, calcium imaging is an advantageous method
for HTS since changes in population neural cell activity after drug treatment can be assessed
in hundreds of wells simultaneously.

Here we present a proof-of-concept study investigating the applicability of the iPSC-derived
cortical spheroids as a neural assay platform for high-throughput drug screening. To do

this, we used the StemoniX microBrain platform, which has been previously characterized
by reports showing these spheroids contain neurons and astrocytes that produce functional
responses, as measured by both calcium and activity and LFPs, that can be modulated
pharmacologically 17:26-28 Here, a fluorescent imaging plate reader (FLIPR) was used

to conduct a calcium fluorescence assay to measure changes in spheroid neural activity.

We created a focused library of 687 neuroactive compounds in order to establish the
pharmacological profile of the cortical spheroids as well as evaluate their robustness in the
context of drug screening. In line with the objectives of the Helping End Addiction Long-
term (HEAL) initiative at the National Center for Advancing Translational Sciences, a focus
was placed on choosing compounds that could be used for future disease modeling and
screening for opioid use disorder (OUD). Therefore, an emphasis was placed on compounds
targeting opioid receptors given that chronic opioid use disrupts the homeostasis of reward
signaling through increased activation of these receptors 2°. Additionally, psychoactive
compounds that play a role in depression, anxiety, and analgesia were included. We

also developed a data analysis pipeline to classify pharmacological activity profiles from
multiparametric calcium wave measurements. We found that our cortical spheroid assay
platform performed robustly in a 384-well plate format and enabled the classification of
compounds based on multiparametric calcium activity profiles.
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Materials and Methods

Human iPSC-derived Cortical Spheroids

Pre-formed human iPSC-derived cortical spheroids were obtained from StemoniX, Inc. in a
384-well format, with four 384-well plates used for compound screening and one plate used
to test seven concentrations of select compounds (3D microBrain platform, StemoniX, Inc.,
Cat. No. BSARX-AA-0384; Fig. S2). Plates containing spheroids that had been matured for
9.5 weeks were shipped from StemoniX, Inc. after and maintained following manufacturer’s
instructions upon arrival. Specifically, plates were centrifuged at 400 x g for 2 minutes

after receiving plates but prior to removal of shipping lid. The presence of spheroids was
confirmed in each well after removal of the shipping lid by manual visual inspection, and
25 L existing cell culture media was exchanged with 25 pL fresh cell culture media using
an automated liquid handler (Biotek MultiFlo™ FX). The removal and addition process was
repeated a total of 3 times, leaving a total of 50 puL of media per well. Cell culture media
for the initial media change as well as for maintenance of spheroids consisted of BrainPhys
Neuronal Medium and SM1 kit (StemCell Tech Cat #05792), supplemented with 20 ng/mL
brain-derived neurotrophic factor (BDNF, StemCell Technologies, Cat.# 78005), 20 ng/mL
glial-derived neurotrophic factor (GDNF, StemCell Technologies, Cat.# 78058), and 1X
penicillin/streptomycin (Gibco). Plates containing spheroids were incubated in a standard
tissue culture incubator, and 25 pL of cell culture media was exchanged every 2-3 days for
one week prior to screening. Therefore, spheroids had been matured for 10.5-weeks at the
time of the compound screen was conducted.

A compound library targeting relevant neural signaling pathways

The compound library consisted of 687 compounds targeting neural targets and signaling
pathways. A full annotated list of the compound library can be found in excel file in
supplemental material (Table S1). The library was designed with an emphasis on opioids
that spanned across two 384-well plates, with two central columns (32 wells) on each
plate dedicated to control compounds, and 704 wells dedicated to test compounds, which
were run in duplicates. Control treatments consisted of 0.1% dimethyl sulfoxide (DMSO)
as vehicle control, 10 uM muscimol as an inhibitory functional control (i.e. inhibiting
functional activity), and 10 uM 4-aminopyridine (4-AP) as a stimulatory functional control
(i.e. increasing functional activity). Compounds were screened in duplicate over a total
of four plates such that technical repeats were spread across two different plates. Most
compound concentrations were 10 uM with some exceptions (Table S1).

To investigate the effects of compound concentration on activity, control compounds along
with a select group of compounds that were included in the library, were tested at seven
concentrations using a seven point serial dilution (0.1, 0.4, 1.2, 3.7, 11.1, 33.3, and 100 uM;
Fig. S2). For this experiment, compounds were tested in triplicate for each concentration

at n=2 biological replicates such that six total replicates were tested for each concentration
of each compound. On each batch of spheroids tested, 21 control wells were treated with
0.1% DMSO. Compounds tested included the stimulatory control, 4-AP, inhibitory control,
muscimol, along with Cutamesine (sigma receptor agonist), dihydrexidine (dopamine 1/5

SLAS Discov. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Boutin et al.

Page 5

receptor agonist), DNQX (AMPAR antagonist), MK-801 (NMDAR antagonist), and kainic
acid (excitatory amino acid).

Fluorescent Imaging Plate Reader (FLIPR) Assay

To examine neural cell activity changes in response to compound treatment, calcium
fluorescence was assessed using a Fluorescent Imaging Plate Reader (FLIPR) Tetra
(Molecular Devices). On the same day of imaging but prior to the addition of Calcium

6 (Cal6) dye, a fluorophore that binds to intracellular calcium ions to act as a calcium
indicator, media was exchanged for phenol-free BrainPhys Neuronal Medium (StemCell
Technologies, Cat. No. 05791). First, 30 uL of media was aspirated per well. Next, 20

pL of phenol-free media was added per well, and then 20 uL was aspirated. This process
was repeated a total of 3 times, again checking to ensure spheroids were settled prior

to aspiration. Two hours before baseline imaging, the FLIPR Calcium 6 assay kit (Cal6,
Molecular Devices, Cat. No. R8190) was used according to manufacturer’s instructions,
where Cal6 dye was dissolved and vortexed to mix with 10 mL of cell culture media. Then,
20 uL of Cal6 reagent was added to each well using a 16-channel manual pipette, leaving

a total volume of 40 pL per well, required to minimize media spillage in the subsequent
acoustic dispensing step. Spheroid plates were incubated at 37°C in standard incubation
conditions for 2-hours to allow for reagent penetration. A fluorescent imaging plate reader
(FLIPR) Tetra system was used for kinetic imaging of calcium dynamics in the cortical
spheroids. The FLIPR incubator stage was pre-warmed to 37°C approximately 30 minutes
prior to imaging. Standard filter sets were used for Cal6 imaging (excitation 470-495 and
emission 515-575 nm). FLIPR gain was set to 2000, exposure time to 0.5330 seconds,
excitation intensity to 30%, and gate opening time to 6%. Fluorescent image reads were
taken every 0.6 seconds for a total of 800 reads over a total run time of 8 minutes. A
baseline read was taken for each spheroid plate prior to drug treatment. Baseline reading and
subsequent drug treatments were staggered such that all drug treatment incubations were 90
minutes.

Drug Treatment Protocol

Compound solutions from the library compound plates were acoustically dispensed into

the cortical spheroid-containing plates using Echo 655 Liquid Handling System (Beckman
Coulter), 90-min before calcium activity was assessed. Briefly, compounds were prepared in
DMSO at a concentration 1000X the final treatment concentration. The acoustic dispenser
was programmed to transfer a compound volume of 40 nL into spheroid-containing wells
with 40 pL media. Inside the acoustic dispenser, the source plate was oriented in a standard
orientation, and the spheroid plate was flipped upside down to receive the transferred
droplet from the source plate. Because of this spheroid plate movement after acoustic
dispensing, spheroid plates were centrifuged at 1485 x g for 2 minutes after dispensing to
re-center spheroids for subsequent FLIPR imaging. Following centrifugation, spheroids were
incubated at 37°C in standard incubation conditions for 90 minutes to allow for compound
penetration. Spheroid plates were then read on the FLIPR using the previously described
imaging settings.
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Immunostaining

Immunostaining of 3D neurospheroids was performed as previously described 30. Briefly,
spheroids were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) overnight
at 4°C, washed several times with PBS, and permeabilized in 0.2% Triton-X in PBS for
30 minutes at room temperature. All wash steps and solution changes were accomplished
via a two-thirds solution exchange protocol (i.e., aspirate to 25uL/well, add 50uL/well
fresh solution). Blocking solution (2% BSA + 0.2% Triton-X in PBS) was then added and
spheroids were incubated at 37°C for >1 hour under gentle agitation. Primary antibodies
(MAP2, Synaptic Systems 188 004, 1:1000; GFAP, Novus Biologicals, NBP1-05198,
1:1000) were added in blocking solution and incubated overnight at 37°C with gentle
agitation followed by 6 washes using PBS + 0.2% Triton-X. Spheroids were blocked again
for >1 hour and incubated with secondary antibodies (Invitrogen, A-21450 and A-11039)
diluted 1:500 in blocking solution with DAPI (Invitrogen, 1:5000) overnight at 37°C with
gentle agitation, protected from light. Spheroids were then washed 6 times using PBS,
transferred to flat bottom plates and either stored at 4°C or imaged using an Operetta CLS
spinning disk confocal microscope (Perkin Elmer) at 20x magnification (Fig. S1).

FLIPR Data Analysis

The FLIPR software ScreenWorks PeakPro 1.0 was used for the initial analysis of calcium
activity from the compound screen. Using the kinetic reduction configuration function,
peaks were identified using the following settings: smooth width of 5 data points, fit

width of 10 data points, slope threshold of 0.001/s, and a dynamic amplitude threshold

of 100 relative light units. For the experiment testing seven concentrations of compounds,
ScreenWorks PeakPro 2.0 was used. Here, the vector length was set to 13 for all wells, and
both trigger level and dynamic threshold were set to 10% above baseline for peak detection.
With these peak detection settings, average peak statistics over the 8-min recording for each
well were exported from PeakPro to Microsoft Excel. Exported statistics included: peak
count, peak width, peak width standard deviation (SD), peak amplitude, peak amplitude SD,
peak spacing, peak spacing SD, peak rise time, peak rise time SD, peak decay time, peak
decay time SD, and peak width at 10% amplitude (Fig. 1b).

To determine which peak parameters were included in the analysis, coefficient of variation
(CV) values were calculated for each plate across each peak parameter by dividing the
standard deviation (SD) by the mean for each plate’s DMSO control wells (Table S2).

An upper cutoff of 30% for each plate was applied to determine which peak parameter

to use in further analysis and, as such, peak count, amplitude, width, spacing, rise time,
decay time, and amplitude at 10% were used, whereas SD values for these parameters were
excluded from future analysis due to CV values >30%. To normalize the data, averages of
DMSO-containing wells were obtained for each parameter, and the percent change from
DMSO average was calculated for all wells on that plate. Then, technical repeats were
averaged for further analysis such that each compound, though run as n=2, was represented
as n=1 in future analysis.
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Multiplexed data analysis and activity classifications

Results

Normalized FLIPR data obtained from Peak Pro 1.0 was analyzed using both R Studio
and TIBCO Spotfire’s High Content Profiler (HCP) platform. One-way between subjects
ANOVA was performed in R Studio to investigate compound response from a select group
of compounds. Here, the compound group, based on primary mechanism of action, was
the between-subjects factor, and significant main effects of group (F-values) were followed
up with Tukey’s post hoc testing for multiple comparisons. Multiple comparisons results
were reported as t-values, and degrees of freedom are listed as subscripts for both main
effect and post hoc data. The aov function was used for ANOVA and the package Ismeans
was used for post hoc tests. To analyze calcium activity changes across all wells, TIBCO
Spotfire’s High Content Profiler (HCP) was run using standard settings, including principle
component analysis (PCA) data exploration, self-organizing map (SOM) class discovery,
and z-prime robust for feature selection. Given that data had previously been normalized
to DMSO-treated wells in Microsoft Excel, data was not further normalized for the HCP
analysis. Only Peak Pro statistics values that were below the CV cutoff of 30% for each
plate were used for the HCP analysis and, therefore, SD values for each peak parameter
were excluded from analysis due to high variability. Graphs were created using either
GraphPad Prism or TIBCO Spotfire.

A multiparametric calcium fluorescence assay for neural cell activity in cortical spheroids

Cortical spheroids (3D microBrain, StemoniX) were characterized by showing that they
consist of neurons and astrocytes, and that their activity can be differentially modulated
depending on concentration of compound used (Fig. S1,S2). Prior to the proof-of-concept
screen, spheroids were cultured for one week before assaying for synchronized neural
activity, as measured using a calcium fluorescence assay paired with the FLIPR HTS reader.
The current work assessed acute compound effect on synchronized neural activity. Fig.

1a shows an assay schema: on the day of the screen, the Cal6 dye was added to phenol
red-free BrainPhys media, after two hours baseline calcium activity reads were taken, and
then compounds added for 90 minutes, before reading the signal again for 8 min.

Calcium fluorescence peak analysis was done using ScreenWorks PeakPro to extract
summary information on peak features across the 8-min FLIPR recordings for each well
(Fig. 1b). Here, information on peak count (PkCt), amplitude (PkA), width (PkW), spacing
(PKS), rise time (PkRt), and decay time (PkDt) was obtained along with the standard
deviation (SD) for each of these parameters (Fig. 1b). Percent coefficients of variance (CV)
values were calculated from each plates’ DMSO-treated wells, and parameters with values
under 30% were used in future analysis (Table S2).

Given that /in vivo cortical neurons are primarily glutamatergic and GABAergic neurons,
control compounds targeting relevant receptor subtypes were chosen for initial observation
of activity changes across peak features examined (Fig 1¢). Kainic acid, a glutamate
receptor (GIuR) agonist, reliably increased PkCt while DNQX, an AMPAR antagonist,
reduced PkCt, suggesting an enhancement and reduction, respectively, in neural activity
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(Fig. 1c,d). However, ketamine, an NMDAR antagonist, did not show changes in calcium
fluorescence across any of the analyzed features. Muscimol, a GABAAR agonist, led

to a total inhibition of calcium activity, indicated across all peak features (Fig. 1c,d).
Additionally, the presence of voltage-gated ion channels was confirmed through calcium
activity changes after exposure to 4-AP, a voltagegated potassium (Kv)-inhibitor, and
tetrodotoxin, a voltage-gated sodium (Nav)-blocker. 4-AP, which induces hyperactivity in
cortical neurons through Kv channel blockade 77 vivo 3, increased activity features such
as PkCt and PkA while reducing PkW and PkS (Fig. 1c,d). In contrast, tetrodotoxin,

which can induce neuronal inactivity in vivo32, led to an overall inhibition across all peak
features (Fig. 1c,d). Cutamesine, a sigma receptor agonist, and dihydrexidine, a dopamine
1/5 receptor (D1R) agonist, both showed similar increases in features including PkS, PkDt,
and PkA10 (Fig. 1c,d). Together, this data shows that the cortical spheroids reliably respond
to control compounds targeting relevant receptors.

HTS of a focused library of small molecules regulators of neural signaling pathways

To investigate whether iPSC-derived cortical spheroids are suitable as a robust and
pharmacologically-relevant drug discovery assay platform for neurological diseases, a
library consisting of 687 neuroactive compounds was assembled and screened (Table S1
excel file). Compounds with various mechanisms of action relevant to neural signaling
were included with the breakdown of compound target families shown in Fig. 2a. The
largest group of compounds were those targeting opioid receptors, adrenergic receptors,
serotonin receptors and transporters, along with dopamine receptors. Given the significance
of the opioid epidemic in the United States, 11% of the library consisted of compounds
targeting opioid receptor subtypes. Fig. 2b shows the breakdown of the percentage of
compounds targeting opioid receptors, most of them targeting MORs, which is responsible
for the rewarding and addictive aspects of OUD (23). Furthermore, other families of control
compounds with activity in the brain, but perhaps not directly targeting neural cell activity,
such as cyclooxygenase (COX) inhibitors, accounted for around 10% of the library. The
distribution of the changes in calcium activity of all compounds compared to the DMSO
vehicle is shown in Fig. 2c for the different calcium peak parameters used in the HCP
analysis including peak count (PKCt), peak amplitude (PkA), peak width (PkW), peak
spacing (PkS), peak rise time (PkRt), and peak decay time (PkDt).

One way between-subjects ANOVA was conducted within each peak parameter obtained
from the PeakPro analysis to investigate differences in control compounds and compounds
with mechanisms of action (MOASs) of interest (Fig. 2d, S3). Here, the stimulatory

control compound 4-AP and the inhibitory control compound muscimol are indicated by
their mechanism of actions, Kv-inhibitor and GABAAR agonist, respectively. Compounds
targeting MORs and alpha-adrenergic receptors (ADRS) were analyzed given their role

in both addiction and pain disorders. GIuR antagonists were analyzed given that cortical
spheroids should contain glutamatergic neurons, and COX inhibitors were used as a negative
control. Analysis was performed on compounds sharing the same primary mechanism of
action, and specific names of the compounds within each group can be found in Table S1.
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Here, compound group was the between-subjects factor, and follow-up post hoc testing
compared each compound group to DMSO-treated controls. There was a significant main
effect of compound group for peak count (PkCt), and Tukey’s post hoc revealed that the
Kv-inhibitor used as a stimulatory control, significantly increased PKCt while the GABAA
agonist used as an inhibitory control, significantly decreased PkCt compared to DMSO-
treated controls (Fg, 193) = 138.7, p < 0.0001; Kv-inhibitor: t;93) = 15.6, p < 0.0001;
GABA, agonist: t193) = 17.9, p <0.0001, Fig. 2d). Additionally, mu opioid receptor (MOR)
and ADR-A agonists significantly reduced PkCt compared to DMSO-treated wells, while
MOR and ADR-A antagonists had no impact (MOR agonists: t(193) = 11.2, p < 0.0001;
ADR-A agonists: t(93) = 9.2, p < 0.0001, Fig. 2d). GIuR antagonists also significantly
reduced PkCt compared to DMSQO controls but COX inhibitors had no effect (GIuR
antagonists: t(193) = 5.2, p < 0.0001, Fig. 2d). A significant main effect of compound group
was observed for peak amplitude, and post hoc tests revealed that both 4-AP and muscimol
significantly changed PkA compared to DMSO controls, though no other group showed
significant differences (F(g 193) = 31.8, p < 0.0001; Tukey’s post hoc, Kv inhibitor: t(;93)
=5.6, p <0.0001; GABAA agonist: t(193) = 11.8, p < 0.0001, Fig. 2d). For peak width
(PKW), a significant main effect of compound group was followed up with Tukey’s post
hoc, which showed that only the GABA 5 agonist, muscimol, was significantly different than
DMSO controls (Fg 193) = 50.2, p < 0.0001; muscimol: t(193) = 16.8, p < 0.0001). However,
Kv-inhibitor, 4-AP, showed a statistical trend toward a reduction in PkW compared to
DMSO, though this was not significant (t(193) = 3.02, p = 0.069, Fig. 2d). One way ANOVA
for peak spacing (PkS) showed a significant main effect of compound group, and post

hoc testing showed a significant reduction in width by GABAa agonist, muscimol (F(g 193)
=14.1, p < 0.0001; Tukey’s post hoc, GABA agonist: t193) = 5.3, p < 0.0001, Fig.

2d). Similar to PkCt, MOR and ADR-A agonists along with GIuR antagonists displayed
significantly different PkS compared to DMSO controls (Tukey’s post hoc: ADR-A agonist:
t(193) = 7.2, p < 0.0001; MOR agonist: t(193) = 4.1, p = 0.002; GIuR antagonist: t(193) =

3.97, p =0.003, Fig. 2d). A main effect of compound group was observed for peak rise time
(PKRt, F(g 193) = 29.6, p < 0.0001), and both control compounds as well as GIUR antagonists
significantly altered PkRt compared to DMSO controls (Tukey’s post hoc, Kv-inhibitor:
t(193) = 4.75, p = 0.0001; GABAA agonist: t(193) = 10.01, p < 0.0001; GIuR antagonist: t(193)
=5.1, p <0.0001, Fig. 2d). One way ANOVA run on peak decay time (PkDt) also showed a
significant main effect of group, and both control compounds showed significant differences
compared to DMSO-treated wells (F(g 193) = 35.87, p < 0.0001; Kv-inhibitor: t(1g3) = 4.7,

p = 0.0002; GABAA agonist: t(193) = 10.9, p < 0.0001). Furthermore, GIuR antagonists and
MOR agonists significantly increased PkDt and while ADR-A agonists showed a statistical
trend toward a significant increase, this was not significant (Tukey’s post hoc: MOR agonist:
t(193) = 4.1, p = 0.002; GIuR antagonist: t(193) = 0.009; ADR-A agonists: t(193) = 3.1, p

= 0.06, Fig. 2d). Taken together, both control compounds displayed significant differences
compared to DMSO controls across measures of PKCt, PKA, PkRt, and PkDt. Furthermore,
MOR and ADR-A agonists displayed significant changes in functional activity on Ca*
waveform features such as PkCt and PkS whereas MOR and ADR-A antagonists remained
similar to DMSO controls.
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High Content Profiler Analysis

Multiparametric analysis was run using TIBCO Spotfire’s High Content Profiler (HCP) on
the normalized data to group compounds by activity profiles. Only FLIPR peak parameters
with CV values below 30% were used in the HCP analysis (Table S2). As such, the features
PKCt, PKA, PKW, PkS, PkRt, PkDt, and PkA10 were included in the HCP analysis. Negative
controls were DMSO-treated wells, and the Kv-inhibitor, 4-AP, was used as a stimulatory
control while the GABA 5 agonist, muscimol, was used as an inhibitory control. Spotfire
HCP was run using standard settings, including principal component analysis (PCA) data
exploration, self-organizing map (SOM) class discovery, and z-prime robust for feature
selection.

PCA was created and initially colored by sample type. The PCA analysis showed that wells
treated with 4-AP and muscimol occurred in clusters that were separated from each other as
well as from most of the screened samples and DMSO control wells (Fig. 3a). Furthermore,
most of the samples tested clustered around the DMSO control, but there were samples with
clear different activities. The PCA showed that ADR-A and MOR agonists as well as GIuR
antagonists were further apart from DMSO-treated wells compared to ADR-A and MOR
antagonists along with COX inhibitors (Fig. 3b).

Sammon connections network was used to group compounds together with similar activity
profiles. This resulted in 24 small clusters that shared similar activity profiles, which were
then grouped into three large clusters to simplify further analysis. Large clusters were
formed using the automated k-means classification feature, whereby smaller clusters with
similar characteristics were grouped together (Fig. 3c). The grouping of the three Sammon
clusters was examined on the PCA, and three distinct groups were revealed, suggesting that
the Sammon connections network was able to group compounds used in the screen (Fig. 3d).

Finally, pie charts and scatter plots were generated to show where control compounds as
well as some compounds with target mechanisms of interest fell within the three Sammon
clusters (Fig. 4). Here, it was revealed that all wells treated with DMSO, 4-AP, MOR
antagonists, ADR-antagonists, and the COX inhibitors were both grouped into Sammon
cluster 1, suggesting that compounds with these activity profiles should fall into cluster

1 (Fig. 4a). Additionally, all wells treated with muscimol fell into cluster 3, suggesting
compounds with inhibitory activity profiles should fall into cluster 3. Compounds that were
GIuR antagonists, MOR agonists, and ADR-A agonists resulted in activity profiles that were
evenly distributed across all three Sammon clusters, suggesting a wide range of activity
profiles produced by these compounds (Fig. 4a). To investigate which compounds within
each target of interest were clustering, scatter plots were produced to show the activity
features for compounds within each cluster (Fig. 4b). This plot revealed that, despite the
increased distribution of clusters among compounds with significant changes in activity
profiles compared to DMSO (i.e., MOR agonists, GIuR antagonists, ADR-A agonists),

the change could be distinguished by cluster. Given that compounds within these target
classes produced significant, yet variable responses compared to DMSO, it is likely that this
variability contributed to the increased number of clusters that these compound groups were
distributed across. Together, this shows that the HCP analysis was able to group different
compounds by activity features, using both PCA and Sammon connections network, and
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showed that compounds with responses further from DMSO control wells are distributed
across different clusters.

Discussion

In the present study, a library consisting of 687 neuroactive compounds was created to
conduct a proof-of-concept screen using iPSC-derived cortical neural spheroids. Activity
changes in response to compound exposure were measured through fluctuations in calcium
fluorescence using a fluorescent imaging plate reader (FLIPR). Activity features of calcium
dynamics were extracted through analysis in PeakPro, and peak features were chosen
based on low variability in DMSO-treated control wells. These activity features were

then incorporated into the high content profiler (HCP) analysis that was used to analyze
compound responses across the entire screen. From this, compounds were clustered into
three major groups based on activity profile. The findings from this study demonstrate

that human iPSC-derived cortical spheroids could potentially serve as a high-throughput
screening (HTS) platform for human-based drug discovery. Additionally, we present
analysis using a multiparametric approach to analyze neural activity and use Sammon
mapping to cluster compounds as a novel way to identify compounds eliciting responses.

While readouts such as viability assays and reporter gene expression, which have been
traditionally used in HTS studies, can identify functional changes of a compound in a
screening library, these readouts lack information about changes in neural signaling 33.
Multielectrode arrays (MEASs) are useful for measuring electrophysiological properties
through local field potentials (LFPs) but are not yet ideal for measuring these LFPs in
high-throughput (HT) formats with spheroids since these plates are not designed beyond

a 96-well plate format and the size and shape of spheroids can present challenges for
attachment to electrodes in a traditional MEA plate with 8 electrodes in a 96-well plate
(Axion Cytoview, Lumos MEA). While high-density electrode arrays address this problem,
they are not yet compatible with multi-well plates larger than six wells per plate and are,
therefore, not ideal for HTS studies (Maxwell Biosystems). Despite MEAS being a more
direct readout of neuronal activity, studies /7 vivo have shown that intracellular calcium
oscillations correlate with these electrophysiological properties and serve as a reliable
activity readout 25, As such, we utilized the FLIPR to assess basal activity and compound-
induced phenotypic functional changes via a calcium fluorophore in each well of 384-well
plates simultaneously and identified functional endpoints with suitable basal reproducibility
between wells (i.e. low CV), suggesting that calcium-based functional biomarker activity
can be used as a reliable HTS readout. Calcium imaging as a HT readout also has better
temporal resolution than traditional HTS readouts since time-dependent changes in activity
following compound exposure can be observed. Furthermore, a previous report showed

the activity response of these cortical spheroids changes based on the concentration of
compound used, suggesting this calcium assay is sensitive to the degree of pharmacological
action (Fig. S2) 17. Therefore, the findings from the current study also highlight the fact
that, in addition to using human iPSC-derived cortical spheroids as a relevant biological
platform, calcium imaging is an advantageous HT readout for neural cell activity compared
to traditional methods.
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Given the implication of cortical neurons in addiction, anxiety, and pain disorders,
compounds with mechanisms of action related to these pathologies were examined prior
to HCP analysis. MOR agonists and antagonists were chosen for their dual role in both pain
and addiction, and compounds targeting alpha adrenergic receptors (ADR-A) were chosen
for their role in depression and anxiety disorders 2% 34-35_ Here we showed that treatment
with MOR agonists and ADR-A agonists led to functional activity responses that were
significantly different than DMSO-controls, while MOR and ADR-A antagonists had no
effect. Specifically, pharmacologically activating MORs and ADR-As produced inhibitory
activity, measured through reductions in peak count and increases in peak spacing. This is
in line with the /n vivo responses to MOR agonism, since studies have shown inhibition

of prefrontal cortical neuronal activity after heroin infusions along with synaptic loss

after morphine administration in animal studies 36:37. Furthermore, ADR-A agonists cause
analgesia and sedation through reductions in norepinephrine release, which is associated
with reduced neuronal excitability 34-3% 38, These data suggest that the cortical spheroids
respond reliably and predictably to compounds targeting receptor subtypes relevant to
neurological disorders impacting cortical circuitry.

To analyze functional responses induced by compounds in the entire library, HCP Sammon
networking analysis clustered all compounds tested into three major clusters based on
functional response profiles. Relevant compound groups (i.e., those in line with the

Helping End Addiction Long-term (HEAL) objectives) were evaluated further, though all
compounds received a cluster assignment, which can be found in Table S1. DMSO, 4-AP
(the stimulatory control), MOR antagonists, ADR-A antagonists, and COX inhibitors were
contained entirely within Cluster 1; muscimol (the inhibitory control) fell entirely within
Cluster 3. GIuR antagonists fell within Clusters 1 and 2 while MOR agonists and ADR-A
agonists fell across Clusters 1, 2, and 3. These results indicate that Cluster 1 represents

a different functional output than Clusters 2 and 3 and that peak spacing, which was
unchanged for compounds in Cluster 1 and altered for compounds in Clusters 2 and 3,

may be one of the key differentiators. Furthermore, MOR and ADR-A agonists showed
activity profiles that were grouped across all three clusters. These compounds had individual
parameter profiles that were clearly different from both DMSO controls, compounds without
effect, as well as each other, thus justifying their presence across multiple Clusters (Fig. 4b).
It is also interesting to note that the MOR impact was grouped across all three Clusters.
This highlights the potential for polypharmacology among these compounds, which could
be attributed to factors including only one concentration tested per compound, the fact that
compounds were tested in duplicate rather than triplicate, and the potential for toxicity of
some of the compounds to produce an activity profile that would cluster separately from
compounds with similar mechanisms of action. It is possible that the 10 uM concentration
used for most compounds was too high, causing indirect mechanisms to occur which may
have affected the activity profile and caused noise that may have impacted the clustering
during analysis. Furthermore, its possible that testing the compounds in triplicate would
have reduced variability between compound responses, which could have improved the
clustering. Indeed, variability as measured by the standard deviation (SD) values was
significantly greater compared to DMSO-treated controls for certain compound groups such
as glutamate receptor antagonists (Fig. S3). Last, running a counter cytotoxicity screen
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may have identified compounds producing toxic effects. Secondary screens incorporating
multiple doses, each run in triplicate, with a counter-toxicity screen will be necessary to
identify hit compounds and potentially improve the clustering method.

Interestingly, 4-AP significantly impacted cortical spheroid function and was still grouped
in Cluster 1 with DMSO control and compounds without effect while other compounds
with significant impacts (i.e. MOR agonists, ADR-A agonists, and GIuR antagonists) were
distributed across different clusters. There are a few reasons this may have occurred.

First, grouping 4-AP with DMSO controls may have occurred due to the regularity of

the 4-AP oscillation that was qualitatively similar to control, i.e. no irregularities in peak
width or spacing which may have provided a strong, non-weighted foundation for a similar
classification. Second, grouping the other compounds across Clusters may have arisen due
to polypharmacology and multiple mechanisms of action (MOA; Table S1). As the calcium
activity profile is a phenotypic readout, it represents the sum of all activity within the
cortical spheroid, thus the presence of active secondary and tertiary MOA combine to create
a heterogenous holistic response with components of all three Clusters. A third possibility
is that additional endpoints such as sub-peaks and inter-peak activity, which may have been
present in the waveforms but not captured in the six primary endpoints examined in this
study, could provide additional information that would aid in dissecting and isolating more
granular class-specific responses. Taken together, the current study confirms the utility of
cortical spheroids as a platform for future HTS studies.

Recent reports have shown the utility of iPSC-derived cortical spheroids as a high-
throughput (HT) drug and neurotoxicity screening model 17- 3941, Specifically, one study
developed a disease model for Pelizaeus-Merzbacher disease, a genetic disease associated
with the loss of myelinating oligodendrocytes, through generating oligocortical spheroids
and subjecting them to a HT chemical screen that was able to identify compounds capable
of rescuing pathology-related deficits 42. Other reports have demonstrated that human
iPSC-derived cortical spheroids exposed to neurotoxicants showed susceptibility profiles
dependent on differentiation stage, suggesting these could be used to evaluate developmental
neurotoxicity 39 43, Further, a study exposed human iPSC-derived cortical spheroids to the
LOPAC®1280 |ibrary and showed changes in spheroid activity in response to compounds,
demonstrating the suitability of cortical spheroids as a screening platform 7. The present
study replicates these findings, demonstrating the potential for human iPSC-derived cortical
spheroids to be used for phenotypic and target-based HTS studies utilizing calcium activity
after exposure to compounds as a functional biomarker. In the present study, Sammon
clustering analysis identified 210 compounds with calcium activity profiles that clustered
separately from DMSO-treated wells, suggesting that around 30% of this library produced
activity changes in these cortical spheroids distinct from control compounds. While the
Woodruff et al. study mentioned above identified only 8.7% of compounds that produced a
response, this discrepancy is likely because the library used in the current study comprised
all neuroactive compounds 17. It is expected that only ~30% of compounds would produce
a response given that some compounds may require receptors present on other neuronal or
glial cell types that may not have been present in these cortical spheroids, which should
contain primarily glutamatergic and GABAergic neurons. Furthermore, 10% of the library
consisted of COX inhibitors which were used as a negative control. Overall, this result is
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very encouraging because it suggests that cortical neurons can have selective responses to
a library enriched for neural cell activity. Therefore, the responses obtained indeed reflect
potential interventions into relevant physiology.

Recent studies have begun developing deep learning based neural networks and live image
analysis to improve both speed and accuracy of measurements such as cell viability and
morphology, suggesting that learning could be implemented response-based clustering
approaches 4445, Future improvements in analysis platforms for HTS datasets will help
with clustering approaches implemented in the current study. Overall, this report shows
that activity of iPSC-derived cortical spheroids can be measured through fluctuations in
calcium activity, that this activity can be modulated through pharmacological manipulation
inan HTS format, and the resulting compound-induced changes can be separated from
each other at a fundamental level. As such, the current study shows that these iPSC-derived
spheroids may serve as a suitable platform for HT drug screening for neurological diseases
and presents an analysis method that could potentially be used for response-based screening.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A multiparametric calcium fluorescence assay for assessing neural cell activity in cortical

spheroids. (a.) Schematic showing the timeline of the experiment. StemoniX cortical
spheroids are maintained for 1-week prior to imaging with the FLIPR. Calcium 6 (Cal6)
dye is added and 2-hrs later, baseline activity is recorded; 5-min after the baseline recording,
compounds are added to spheroids via acoustic dispensing, and calcium activity is recorded
again 90-min after compound treatment. FLIPR recordings are 8-min. (b.) Schematic
defining peak parameters obtained from Peak Pro 1.0 analysis of calcium imaging data.
PkCt = Peak Count; PkS = Peak Spacing; PkW = Peak Width; PkA = Peak Amplitude

for whole peak; PkA10 = Peak Amplitude beginning at 10% peak height; PkRt = Peak
Rise Time; PkDt = Peak Decay Time. (c.) Representative time series plots showing

calcium activity after treatment with control compounds that should reliably show activity
changes based on cell types represented. Plots are displayed as percent change in calcium
fluorescence over baseline, which is considered the first 2 seconds of the recording. (d.)
Scatter plots showing the percent change from the DMSO average for all compounds tested
across each peak parameter used in the HCP analysis. Compounds from 1c are highlighted,
and data is shown in comparison to DMSO-treated wells in iPSC-derived cortical spheroids
are highlighted, along with stimulatory (4-AP) and inhibitory (muscimol) controls.
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Figure 2.
A proof-of-concept screen of a focused compound collection using calcium fluorescence

multiparametric assay on cortical spheroids. (a.) Pie chart indicating major compound target
families within the library that spheroids were screened against. (b.) Pie chart showing

the breakdown of compounds targeting opioid receptor subtypes. (c.) Scatter plot showing
the distribution of spheroid responses to compound, measured by calcium activity, for
parameters including peak count, amplitude, width, spacing, rise time, and decay time.

(d.) For each peak parameter used in the HCP analysis, specific mechanisms of action
(MOAs) were analyzed against the average of DMSO-treated wells. Control wells, 4-AP
and muscimol, were significantly different from DMSO across all parameters except

peak width. Glutamate receptor (GIuR) antagonists were different from DMSO across all
measures aside from peak width. Mu opioid receptor (MOR) and alpha-adrenergic receptor
(ADR-A) agonists were different from DMSO across all parameters aside from peak width
and amplitude at 10%. MOR and ADR-A antagonists, along with cyclooxygenase (COX)
inhibitors were no different from DMSO-treated wells for any peak parameter. DMSO
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(n=32); 4-AP (n=17); muscimol (n=17); GIuR antagonists: AMPAR (n=5), NMDAR (n=7),
mGIuR (n=1); MOR agonists (n=24); MOR antagonists (n=11); ADR-A agonists (n=6);
ADR-A1 agonists (n=3); ADR-A2 agonists (n=10); ADR-A antagonists (n=5); ADR-A1
antagonists (n=6); ADR-A2 antagonists (n=2); COX inhibitors (n=42); COX2 inhibitors
(n=14); COX3 inhibitor (n=1). * p < 0.05, ** p < 0.01, *** p < 0.001
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Figure 3.
High content profiler analysis of library screen on iPSC-derived cortical spheroids. (a.)

Principal component analysis (PCA), represented as a 3D scatter plot, showing the spatial
distribution of sample types including DMSO, stimulatory control (4-AP), inhibitory control
(muscimol), and all other compounds. (b.) PCA, represented as a 2D scatter plot, showing
the distribution of compounds with mechanisms of action (MOA) of interest in relation to
DMSO, 4-AP, and muscimol control compounds. All other compounds are indicated by gray
symbols. (c.) Sammon mapping plot displaying groupings of compounds, based on calcium
activity after compound exposure, identified by the HCP analysis. All smaller clusters are
grouped into three major clusters. (d.) PCA, represented as a 3D scatter plot, showing the
spatial distribution of Sammon groupings by color.
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@ Cluster 1
@ Cluster2
@ Cluster3

High Content Profiler analysis reliably clusters compounds by response-based activity
profiles. (a.) Pie charts trellised by compounds with mechanisms of interest, colored by
Sammon grouping cluster, show that DMSO and stimulatory control (4-AP) cluster together
in Sammon cluster 1. Inhibitory control, muscimol, clusters separately in cluster 3. MOR
and ADR-A antagonists, along with COX inhibitors, fall in cluster 1 along with vehicle and
positive controls. GIuR antagonists along with MOR and ADR-A agonists are distributed
across more clusters, with compounds in these groups clustering evenly across 2-3 Sammon
clusters. (b.) Scatter plots showing changes in activity features among compounds with
specific mechanisms of interest, color-coded based on the Sammon cluster they fall into.
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