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Modulation of Ca?* oscillation
following ischemia and nicotinic
acetylcholine receptors in
primary cortical neurons by high-
throughput analysis

Tsutomu Sasaki'?*?, Sunao Hisada?, Hideaki Kanki', Kazuto Nunomura?, Bangzhong Lin?,
Kumiko Nishiyama?, Tomohito Kawano?, Shigenobu Matsumura* & Hideki Mochizuki®

Calcium oscillations in primary neuronal cultures and iPSCs have been employed to investigate
arrhythmogenicity and epileptogenicity in drug development. Previous studies have demonstrated
that Ca?* influx via NMDA and nicotinic acetylcholine receptors (nAChRs) modulates Ca?* oscillations.
Nevertheless, there has been no comprehensive investigation into the impact of ischemia or nAChR-
positive allosteric modulators (PAM) drugs on Ca* oscillations at a level that would facilitate high-
throughput screening. We investigated the effects of ischemia and nAChR subtypes or nAChR PAM
agonists on Ca?* oscillations in high-density 2D and 3D-sphere primary neuronal cultures using
384-well plates with FDSS-7000. Ischemia for 1 and 2 h resulted in an increase in the frequency of
Ca?* oscillations and a decrease in their amplitude in a time-dependent manner. The NMDA and
AMPA receptor inhibition significantly suppressed Ca?* oscillation. Inhibition of NR2A or NR2B

had the opposite effect on Ca oscillations. The potentiation of ischemia-induced Ca?* oscillations

was significantly inhibited by the NMDA receptor antagonist, MK-801, and the frequency of these
oscillations was suppressed by the NR2B inhibitor, Ro-256981. In the 3D-neurosphere, the application
of an a7nAChR agonist increased the frequency of Ca?* oscillations, whereas the activation of a4p2
had no effect. The combination of nicotine and PNU-120596 (type Il PAM) affected the frequency and
amplitude of Ca?* oscillations in a manner distinct from that of type | PAM. These systems may be
useful not only for detecting epileptogenicity but also in the search for neuroprotective agents against
cerebral ischemia.

Keywords Ca?* oscillations, High-throughput screening, Ischemia, nAChR, PAM

Calcium (Ca?") is a crucial intracellular second messenger that precisely regulates a multitude of physiological
functions within cells, particularly in the brain"% The changes in intracellular Ca?* levels play a pivotal role in
neurotransmitter release and other synaptic processes, as well as in regulating cell life and death®*. The alterations
in intracellular Ca?* levels have been demonstrated to serve as a crucial biomarker for the investigation of the
effects of compounds on neuronal network activity’~’. The occurrence of Ca?* oscillations in neuronal cultures
correlates with the formation of new synapses and the development of neuronal networks®. These oscillations
correspond to bursts of network activity and can be modulated by the application of excitatory and inhibitory
compounds’®. The removal of extracellular Ca2 + eliminates the spontaneous Ca? oscillations, the removal of
extracellular Ca?*, L-type Ca?* channel blockers, and N-methyl-D-aspartate receptor (NMDAR) or alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) antagonists eliminates L-type Ca?*
channel blockers and oscillations®'.
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The measurement of Ca?* transients in rat cortical neurons by high-throughput fluorescence techniques
would be of significant value in the assessment of seizure risk of compounds, particularly at the early stages of
drug discovery. The 2D networks of primary cortical neurons have been employed in the assessment of potential
neurotoxicity or epileptogenicity on multi-well microelectrode arrays'>'* and Ca?* oscillation assays, utilizing
a microplate reader with Fluo-3/AM or Fluo-4 Ca?* indicators'>!®. The cultures of human induced pluripotent
stem cell (iPSC)-derived neurons and astrocytes exhibit measurable spontaneous Ca?* oscillations in both 2D
cultures and 3D spheroids. The suitability of human iPSC-derived 3D cultures as biological substrates for the
screening of modulators of spontaneous neuronal network activity was assessed. In the context of 2D and 3D
hiPSC-derived neuronal networks, the parameters of frequency and amplitude of spontaneous global network
Ca?* oscillations and the directionality of drug-dependent Ca?* oscillations have already been examined!”. This
study showed the impact of compound administration on Ca** oscillations in both 2D networks and 3D neuro-
spheroids.

The Ca?* oscillations were quantified in rat primary neurons using a camera-based kinetic plate reader,
FDSS-7000, which enabled high-throughput analysis. The fluorescent dye, which is sensitive to calcium, was
employed to this end. The FDSS-7000 is capable of simultaneous imaging of multiple samples (384-1536 wells)
over time. This capability is made possible by the device’s built-in batch aliquoter, which allows for reactions to
be taken simultaneously in each well without a time lag. Furthermore, the FDSS-7000 assay system does not
need specialized techniques or costly methodologies. It can be readily adapted as a medium- to high-throughput
assay for the early detection of proarrhythmic and epileptogenic risk within the context of drug discovery and
development'®. We examined the effects of Library of Pharmacologically Active Compounds 1280 (LOPAC1280)
compounds on Ca?" oscillations and detected the drug-induced FDSS parameter changes on Ca®" oscillations-
waveforms.

The pathogenesis of cerebral ischemia is believed to be underpinned by glutamine toxicity induced by
extracellular Ca?*, which is thought to be a fundamental process underlying neuronal death!®*. One of the
primary causes of glutamate excitotoxicity is the activation of the NMDAR subtype of glutamate receptor?!.
It has been demonstrated that NMDAR-dependent glutamate excitotoxicity can also be observed in human
embryonic stem cell-derived neurons?. The study of NMDAR subtypes and localization has attracted significant
attention due to the evidence that synaptic and extrasynaptic NMDARSs exert distinct roles in excitotoxicity?.
In particular, NR2A receptor subtypes are mainly located in synaptic NMDARs. On the other hand, NR2B
subtypes are mainly located in extrasynaptic NMDARs. These subtypes have opposite effects on neuronal
death or survival?*. Furthermore, our findings indicate that Ro-256981, an NR2B-selective inhibitor, exerts
neuroprotective effects following cerebral ischemia, whereas NVP-AAMO0077, an NR2A-selective inhibitor, has
the opposite effect?>2°. The AMPA receptor subunit GluR2 also plays a role in determining the vulnerability of
neurons in forebrain ischemia®’. In summary, NMDA receptors play a pivotal role in the pathophysiology of
cerebral ischemia. However, the precise way in which Ca?* oscillations are modulated by selective inhibition of
each subtype of NMDAR, specifically NR2A or NR2B, remains unclear.

Nicotinic acetylcholine receptors (nAChRs) are expressed at high levels in the central nervous system and
play a pivotal role in regulating neural functions, including transmitter release, synaptic plasticity, brain circuits,
and cognitive functions. Given the pivotal roles of glutamatergic and cholinergic neurotransmission in memory
and learning, the regulation of cholinergic transmission is an attractive pharmacological therapeutic target for
neurological disorders?. Preclinical studies targeting nAChRs have been conducted using animal models for
various pathologies. A particularly promising approach is based on positive allosteric modulators (PAMs) of
these receptors, which offer several advantages over direct agonists®. Nevertheless, few studies have examined
the effects of nAChR subtypes and PAMs on Ca** oscillations within the neural network, focusing particularly
on the PAM effect. The objective of this study was to compare the activity of type I PAM (PNU-120596), which
potentiates agonist-evoked a7 nAChR currents, delays the desensitization process, and reactivates desensitized
receptors, with type I PAM (NS-1738), which potentiates a7 nAChRs without modifying the desensitization
process'*3L. The objective of this study was to examine the impact of nAChR subtypes and PAMs on the
frequency and amplitude of Ca?* oscillations.

Despite the potential significance of spontaneous Ca’* oscillations, there has been no comprehensive
investigation into how Ca?" oscillations are altered following ischemia. In this study, we sought to investigate
the modulation of Ca* oscillations following in vitro ischemia or the treatment of nAChRs subtypes and PAMs
using the kinetic plate reader system FDSS-7000. Ca* dysregulation contributes to neurodegeneration in iPSC-
derived cells from patients with Friedreich’s ataxia and Parkinsons disease®>**. Consequently, Ca?* oscillation
assays in neuronal cultures have considerable potential for modeling neurological diseases and toxicities, with
applications in drug discovery and toxicology. The FDSS-7000 assay system may prove to be a valuable tool for
the exploration of neuroprotective compounds against neurological disorders, including those associated with
stroke.

Methods

Material

The following compounds were procured from Sigma-Aldrich (Burlington, MA, USA): MK-801, 4-AP,
(-)-nicotine, and nifedipine. NS1738 and PNU282987 were procured from Cayman Chemical (Ann Arbor, MI,
USA). Picrotoxin (PTX) and Gabazine were procured from Fujifilm (Chuo-Ku, Tokyo, Japan), while Dr. Yves
Auberson of Novartis kindly provided NVP-AAMO077. The following compounds were purchased from Tocris
Bioscience (Wren Nest Rd, Glossop): CNQX, PNU-12059, RJR-2043, varenicline, and Ro25-6981.
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Primary cortical cultures

The primary cultures of rat cortical neurons were obtained as described previously?®**. Carbon dioxide was
employed as the euthanasia agent, while isoflurane was utilized as the anesthetic. In brief, neuronal cultures
were prepared from the cortex of embryonic day 16 (E16) rat embryos (Charles River Laboratories Japan, Inc,
Yokohama, Japan). The cells were dissociated with papain (Papain Dissociation System; Worthington) and plated
at a density of 40,000 cells per well in a 384-well plate and incubated in 80 pl of high-glucose Dulbecco’s Modified
Eagle’s Medium (DMEM) (Sigma) containing 10% fetal calf serum (FCS; Invitrogen), 100 IU/ml penicillin,
and 100 pg/ml streptomycin sulfate. At 24 h after seeding, the medium was replaced with neurobasal plus
medium (Invitrogen) supplemented with B-27 plus (Invitrogen). The cells were cultured at 37 °C in a humidified
atmosphere of 95% air and 5% CO2 and used after 10-11 days in vitro, at which point most cells exhibited a
neuronal phenotype. On the 14th day after plating, the cells were loaded with fluorescent EarlyTox dyes for Ca?*
transient measurements.

3D-spheroid culture
The neurons were cultivated on the 384-spheroid plates (Corning) or PrimeSurface plate 384U (Sumitomo
Bakelite Co., Ltd., Tokyo, Japan) at a density of 40,000 cells per well.

Measurements of Ca2* oscillation

The fluorescent dye used was EarlyTox Cardiotoxicity Kit (#R8211, Molecular Devices, LLC, San Jose, CA, USA)
according to the manufacturer. It has previously been demonstrated that Ca* oscillations can be quantified using
EarlyTox in both 2D and 3D culture systems of iPSC-derived neurons*. The EarlyTox Cardiotoxicity Kit utilizes
a calcium-sensitive indicator equivalent to Cal520AM (#21131, AAT Bioquest, Sunnyvale, CA, USA) to detect
intracellular Ca?* concentrations. Indeed, Ca?* oscillations have been previously quantified utilizing the FDSS-
7000 in 384 wells with Cal520 dye®. Significant improvements in signal-to-noise ratio and cellular retention
were observed in Cal-520 compared to Fluo-3 AM and Fluo-4 AM. Furthermore, it exhibits over 100 times
greater fluorescence enhancement at longer wavelengths, rendering it highly suitable for measuring intracellular
calcium?®@-38, Excitation and emission were performed at 485 nm and 535 nm, respectively. In comparison to
Fura-2 and Fluo-4, Cal-520 exhibits superior sensitivity and brightness. Its quantum yield, when complexed with
calcium, is 0.95, far exceeding the 0.3 observed of Fura-2, making Cal-520 particularly effective for detecting
weak calcium signals®. Cal520 was maintained at 37 °C for the measurements of Ca?* transients. Following the
removal of the culture medium (60 pL), 20 pL of the dye solution was applied to the well (20 uL +20 puL =total
40 pL) and incubated for 120 min at 37 °C in 5% CO2. The measurements were conducted for each medium.
The 2D-culture system was evaluated at a Mg?* concentration of 0.1 mM, while the 3D spheroid culture was
assessed at a Mg?* concentration of 1 mM. Following a single fluorescence measurement in the absence of test
compounds (pre), 0.1% Dimethyl sulfoxide (DMSO) in culture medium was applied to the wells (40 uL+5
uL), and the cells were incubated for 10 min at 37 °C in 5% CO2. Following the pretreatments, 5 uL of each test
compound (10 X final concentration) in culture medium was applied to the wells (45 uL+5 pL), and the cells
were incubated for 10 min at 37 °C in 5% CO2. In this study, a library of pharmacologically active compounds
(Office for University-Industry Collaboration, Osaka University, Japan) was utilized.

Fluorescence measurements and analysis

The fluorescence intensity changes in all wells of a microplate were recorded simultaneously at 37 °C using a
kinetic plate reader, FDSS7000EX (Hamamatsu Photonics K.K., Shizuoka, Japan), with a sampling rate of 100 ms
and a total of 6000 frames over 10-min.

The intracellular Ca** concentration changes (calcium waveforms) were analyzed using FDSS Waveform
Analysis Software (Hamamatsu, Shizuoka, Japan), which estimated the peak rate (P rate (/min)), peak-to-peak
time, peak width at 10-90%, rising slope, falling slope, and other parameters. All compounds were tested in a
total of 5 to 21 samples. The results of each well were normalized with those of the control group (1.1% DMSO).

Oxygen glucose deprivation

Oxygen glucose deprivation (OGD) was conducted by placing the cultures in a 37 °C incubator housed in
an anaerobic chamber, as previously described?. In this study, OGD was performed for 1, 2, and 3 h. For
experiments involving drug loading after OGD, the medium was replaced with the respective drug-containing
medium 5 min after OGD, and Ca2* oscillation was measured 1 h later.

Statistical analysis

Most data are presented as mean +standard deviation. A two-tailed, unpaired Student’s t-test was employed
to compare the means between the two groups. The Kruskal-Wallis test was used to compare more than three
groups (Prism 10.0; GraphPad Software Inc., San Diego, CA, USA). If statistically significant differences were
identified, Dunnett’s T3 multiple comparison test was used for post-hoc analysis. The threshold for statistical
significance was set at P <0.05.

Study approval

The animal experimental protocol was approved by the Institutional Animal Care and Use Committee of
Osaka University Graduate School of Medicine (Permission number: 30-091-001, 05-078-0000). All applicable
international, national, and/or institutional guidelines for the care and use of animals were followed. Additionally,
our study was in compliance with the ARRIVE guidelines.
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Results
Ca?* oscillations in high-density neuronal cultures in a high-throughput screenable system
(HTS)

Previously, it was reported that primary neurons from rats and mice develop spontaneous intracellular Ca?*
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«Fig. 1. Ca** oscillations in response to in vitro ischemia, oxygen-glucose deprivation (OGD) in 2D networks
in rat primary cortical neurons. (A) Ca?* oscillations signal from without or with different OGD times wells in
FDSS-7000 platform 60 min after application to the wells over a 10-min recording period. (n=5 at each OGD
time of 1, 2, and 3 h). Impact of 1, 2, and 3 h for OGD exposure on the Ca?* oscillations frequency (P rate /min
(BPM)) (B), P-P time (ms) (C), amplitude (D), and area under the curve using FDSS-7000 platform (n=70
in control, n=70in 1 h-OGD, n=70 in 2 h-OGD, n=21 in 3 h-OGD wells per group). *p <0.05, OGD vs.
vehicle control, **p < 0.01, ****p <0.001.

oscillations when cultured at high densities!'""'®%°. A study was conducted to determine the optimal number of
primary rat neuronal cell culture systems per well to measure Ca?* oscillations in HTS using the FDSS7000EX.
The rat primary cultures were loaded with the fluorescence calcium indicator Cal520, which can be quantitatively
assessed in real-time using FDSS7000EX.

In high-density cortical cultures (40,000 cells per well in 384-well plates), we observed spontaneous Ca**
oscillations developing around 2-3 weeks of incubation when observed in real-time in 2D systems (Supp. Video
1). Therefore, we decided to work with cultures at 2 weeks in vitro and 40,000 cells per well for all subsequent
pharmacological studies. The oscillation patterns of Ca?* were analyzed using a variety of quantifiable readouts,
including peak count, average peak amplitude, average peak spacing, average peak width, and average rise and
decay times (Supplementary Fig. 1).

In vitro, ischemia modulates Ca* oscillations in 2D systems

The impact of varying the duration of exposure to OGD, an in vitro ischemia, from 1 to 2 and 3 h on Ca®*
oscillations was investigated (Fig. 1A). First, the frequency of firing was examined by peak rate, burst per minute
(BPM) (Fig. 1B), Peak-to-Peak time (P-P time) (Fig. 1C), amplitude (Fig. 1D), and area under the curve (AUC)
(Fig. 1E). OGD at 1 and 2 h significantly increased the frequency of excitation, while the 3-h OGD resulted in a
significant reduction in firing (Fig. 1B-C). The amplitude of the response decreased in a time-dependent manner
following exposure to OGD (Fig. 1D). The AUC also demonstrated a time-dependent decrease in response to
OGD (Fig. 1E). The RMBP, rising slope, and falling slope also exhibited a decrease in proportion to the duration
of OGD (Supplementary Fig. 1).

Pretreatment of compounds controls the activity of voltage- and ligand-gated ion channels
and can control Ca?* oscillations

We investigated the effects of those compounds on Ca?* oscillations in the control condition without OGD
before examining the effects of various compounds on the modulation of ischemia-potentiating Ca>* oscillations
(Supplementary Fig. 2). The influence of 4-aminopyridine (4-AP), a voltage-dependent K+ channel (KV)
blocker, on Ca** dynamics in cortical neurons was studied (Supplementary Fig. 2). These compounds have been
identified as having epileptogenic properties in Ca?* oscillations. The frequency of spontaneous Ca>* oscillations
was significantly increased in 4-AP (Supplementary Fig. 2).

Subsequently, the impact of various compounds on the modulation of Ca?* oscillations following in vitro
ischemia (OGD) was examined. Consequently, we elected to administer the compounds in advance of the 2-h
OGD for all subsequent pharmacological studies (Fig. 2). The influence of 4-AP, PTX, and gabazine on Ca?*
dynamics in cortical neurons was studied, revealing an increased frequency of spontaneous Ca?* oscillations
following 2 h of OGD in 4-AP, but not in PTX and gabazine (Fig. 2B-D).

The subsequent investigation sought to ascertain the potential involvement of NMDARs and AMPARs in
the observed effects on Ca?* oscillations under control conditions and following ischemic conditions. Similar to
the findings of a previous report, the pretreatment of MK-801 resulted in a notable reduction in frequency at a
concentration of 0.3 uM and the cessation of Ca?" oscillation at higher concentrations (Supplementary Fig. 3A)%.
NVP-AAMO0077, an NMDA NR2A subunit blocker, demonstrated a concentration-dependent increase in the
frequency of Ca*" oscillations, accompanied by a significant increase in amplitude (Supplementary Fig. 3B)
(Fig. 3A). Conversely, Ro256981, an NMDA NR2B subunit blocker, demonstrated a concentration-dependent
reduction in the frequency of Ca?* oscillations (Supplementary Fig. 3C).

NVP-AAMO0077 exhibited a slight influence on the frequency and amplitude of Ca** oscillations (Fig. 3B). The
frequency of Ca®* oscillations was suppressed at high concentrations (5 uM) by Ro256981, and a concentration-
dependent reduction in the frequency of Ca?* oscillations was observed (Fig. 3C). The results demonstrated that
R0256981 exhibited a similar trend to that of MK-801, although MK-801 exhibited a more pronounced effect
than Ro256981. Preincubation of CNQX, a potent and competitive AMPA/kainate receptor antagonist, resulted
in a concentration-dependent reduction in the frequency of Ca?* oscillations. Conversely, CNQX exhibited a
concentration-dependent increase in the amplitude of Ca** oscillations (Fig. 3D).

Ca?* oscillations in 3D-spheroid high-density cortical culture

The next step was to examine the spontaneous Ca** oscillations in 3D-spheroid cultures of neurons. In high-
density cortical cultures (40,000 cells per well in 384-well plates), we also observed spontaneous Ca2* oscillations
in real-time in 3D spheroid systems (Supplementary Video 2). For baseline readings, without compound
addition, the coefficient of variation for peak count was observed across a representative 384-well plate (data not
shown), indicating consistent performance between different wells. The oscillatory activity of neurons exposed
to the vehicle remained stable throughout the entire recording period (Fig. 4 A,B). 4-AP (5-500 uM) was found
to elicit a concentration-dependent increase in spontaneous Ca* oscillations, with no significant effect on the
amplitude of Ca?* oscillations (Figs. 4C and 5A). The concentration-dependent suppression of the frequency
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Fig. 2. 4-AP, PTX, and gabazine partially augment ischemia-induced activation of Ca?* oscillations in 2D
networks in rat primary cortical neurons. (A) Representative images illustrating the effect of pre-exposure
to 4-Aminopyridine (0.1 puM), PTX, (0.1 uM) or a gabazine (0.1 uM) on ischemia-induced Ca?" oscillations
modulation. Effect of 4-AP (B), PTX, (C), or gabazine (D) pre-treatment on OGD-induced increase in
transient frequency and amplitude in Ca?* oscillations. *p < 0.05, OGD plus compounds vs. vehicle control,
n=>5 pooled from two experiments.

Scientific Reports|  (2024) 14:27667 | https://doi.org/10.1038/s41598-024-77882-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

*
A MK-801 *
ns
ns
67 o
P
B 44
[+4)
g 24
>
= 0+
3
-9
2 T T T T T T
FoSS S &
& > & & $F
F TS oV
B NVP-AAMO0077
ns ns
ns ns
$9 — 5000 ns
i  — | |
N 4000
£ o
—r v
=T | Z 3000 . by
E 4 & o
— Z 2000
) b <
s 2-
o 1000
0= 0
O 2 & b AN S R S G g e
&0 & & & & & & & O
R M R M )
*
= 1
C Ro-256981
ns
—_—
5000+ ns
_ r 1
S w0004 o o ®
=
0 o
| < -
= 30004
= | \J
£ i ’
= 2 2000
— <
-]
5 1000
e
0-
O S & & & &
& 0% o o AT ot
R A
Q ns
1
ns
1
5000 oo
- —
b . @
& 6
b
= v
—_ -
= o
E41 8 9
= z
— o®
P <
s 24 o
e

Fig. 3. NMDA receptor compounds partially mitigate ischemia-induced activation of Ca?* oscillations in 2D
networks in rat primary cortical neurons. The effect of pretreatment of 4-AP (A), MK-801, an NMDA receptor
blocker (1 uM) (B), NVP-AAMO0077, a relatively selective NMDA NR2A receptor blocker (1 uM) (C), Ro-
256981, a selective NMDA NR2B receptor blocker (1 uM) (D), or CNQX, an AMPA receptor blocker (1 pM)
on OGD-induced increase of transient frequency and amplitude in Ca?* oscillations. *p < 0.05, OGD plus
compounds vs. vehicle control, n=5 pooled from two experiments.
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and amplitude of Ca?* oscillations (Figs. 4D and 5B) were observed following the administration of MK-801
(200 nM-20 pM). The administration of NVP-AAMO0077 had no significant effect on the frequency or amplitude
of Ca?* oscillations within the range measured. However, there was a tendency for the frequency of Ca?*
oscillations to increase at higher concentrations (100 nM), although this was not statistically significant (Figs.
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«Fig. 4. Representative images showing how acute exposure to compounds influences Ca?* oscillations in
3D neuro-spheroids of cortical neurons. Ca* oscillations from pretreatment (A) or vehicle (0.1% DMSO)
(B) wells 60 min after application to the wells over a 10-min recording period. (n=12 neuro-spheroids at
each condition). (C) 4-AP was applied to 3D neuro-spheroids at concentrations of 5 uM up to 500 pM with
the signal recorded for 10 min. Each concentration was applied to five adjacent spheroids and incubated for
60 min before reading Ca?* activity in the FDSS platform. (D) MK-801 concentrations were applied to 3D
neuro-spheroids at concentrations of 0.2 uM up to 20 uM. (E) NVP-AAMO0077 concentrations were applied to
3D neuro-spheroids at concentrations of 0.01 uM up to 1 pM. (F) Ro-256981 concentrations were applied to
3D neuro-spheroids at concentrations of 0.05 uM up to 5 pM. (G) CNQX concentrations were applied to 3D
neuro-spheroids at concentrations of 0.2 uM up to 20 uM. (H) Nifedipine concentrations were applied to 3D
neuro-spheroids at concentrations of 0.1 uM up to 10 uM. n=>5 neuro-spheroids at each condition.

4E and 5C). The administration of Ro-256981 resulted in a reduction in the frequency and amplitude of Ca?*
oscillations, with the effect on amplitude reaching statistical significance at a concentration of 5 uM (Figs. 4F and
5D). The introduction of CNQX (2.0, 6.7, or 2 uM) resulted in a reduction in the frequency of spontaneous Ca?*
oscillation (Figs. 4G and 5E). The concentration-dependent suppression of the frequency of Ca?* oscillations
was observed in the presence of nifedipine (100 nM-3 uM), with the effect on amplitude reaching significance at
3 uM (Figs. 4H and 5F). Nifedipine also caused a partial activation of the frequency of Ca?* oscillations without
any significance, as previously reported.

Nicotinic a7 receptors facilitate the firing of Ca?* oscillations

Subsequently, we investigated the impact of nicotine signaling on Ca®* oscillations. Nicotine significantly
increased the frequency of Ca?* oscillations at high concentrations (Supplementary Fig. 4). Given the high
expression of a7 and a4p2 nicotinic receptors in the central nervous system, agonists for each receptor were
administered to examine their differing effects on Ca?* oscillation. PNU-282987, an a7nAChR agonist, was
observed to elicit a concentration-dependent increase in the frequency of Ca?* oscillations (Fig. 6A). In contrast,
neither of the a4{2 agonists, RJR-2043 and varenicline, demonstrated this effect (Fig. 6B,C). The compounds did
not affect the amplitude of the Ca?* oscillations (Fig. 6A-C).

The impact of a7-nAChR PAMs, namely NS-1738 (type 1 PAM) and PNU-120596 (type 2 PAM), on Ca?*
oscillations in cortical neurons was examined. The combination of nicotine and PNU-120596 significantly
increased the frequency of Ca®" oscillations in a concentration-dependent manner, even at relatively low
concentrations of nicotine (10 uM) (Fig. 7A). Similarly to PNU-120596, the combination of NS-1738 and nicotine
also resulted in a significant increase in the firing frequency of Ca* oscillations. Moreover, NS-1738 was found
to significantly increase the amplitude of Ca** oscillations in a concentration-dependent manner (Fig. 7B). NS-
1738 also augmented the frequency of Ca?* oscillations when combined with PNU-272987 (Fig. 7C).

Discussion

The measurement of Ca?* transients in rat cortical neurons by high-throughput fluorescence techniques would
be of significant value in the assessment of seizure risk of compounds, particularly at the early stages of drug
discovery. This study also demonstrated that Ca** oscillations were modified by in vitro ischemia, which could
be used to screen neuroprotective drugs for stroke. Furthermore, our findings indicate that Ca* oscillations
exhibit differential responses to distinct nAChR subtypes and are influenced by PAMs of nAChRs.

The results of this study demonstrate the utility of this assay in high-throughput screening and provide an
innovative approach for CNS-based drug discovery in both 2D and 3D systems. It is crucial to differentiate
between beneficial therapeutic effects and potential epilepsy-inducing neuronal toxicity®®. In the field of new
drug development, new approach methods (NAMs) that combine organoids, tissue chips, and in silico studies
without animal testing are attracting attention. The Food and Drug Administration (FDA) Modernization Act
2.0 will be important in evaluating these methods in a way that connects in vitro and in vivo mouse models in
the future?®41,

It is well established that during the initial period of in vitro cultivation, there is minimal network activity.
However, Ca?* oscillations can be observed during this process. Following 7-10 days in vitro, spontaneous Ca?*
oscillations are observed in every neuron within the region of interest. Moreover, the density of synapses and
frequency of oscillatory activity increase in mature cultures after 14 days in vitro®. The measurements of Ca?*
oscillations in our culture system are also in close agreement with the results mentioned above. As network
activity is the result of a multitude of interconnected processes, including structural interactions, cell health,
neuronal firing, synaptic transmission, and a plethora of additional cellular processes, it is evident that a
comprehensive understanding of the underlying mechanisms is essential. Ca?* oscillations can serve as a global
phenotypic readout for both normal and pathophysiological functions*?. The 3D system is more physiologically
relevant than the 2D system, as the two cell types exist in a more natural state. This increased physiological
relevance may be advantageous in the screening of novel compounds that modulate neuronal network activity*2.
The 3D sphere platform may provide a phenotypic approach to interrogating neurological diseases, with the
potential to lead to the development of therapies. The microBrain 3D neurospheres have also been employed to
profile neurotoxic compounds, thereby demonstrating the extensive applicability of this platform®3.

Conversely, it has been demonstrated that 2D culture systems can detect epileptogenicity with greater efficacy
than 3D models®. In this study, we performed in vitro ischemia (OGD) in a 2D model. Further investigation is
necessary to determine whether hypoxic conditions may result in heterogeneous penetration of hypoxia into the
more central regions of the sphere in the 3D culture.
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The Ca* oscillation assay shows promise in improving prediction accuracy in early drug development.
Wang et al. used a 3D neurospheroid model derived from human iPS cells to assess the neurotoxicity of 84
drugs using this assay. The compounds were divided into two sets: a central nervous system target set (58
drugs) and a test set (26 drugs), which included well-established clinical compounds. Neurotoxicity scores
from a logistic regression model, demonstrated 93% specificity and 53% sensitivity, effectively differentiating
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«Fig. 5. The effect of compounds on spontaneous Ca?* oscillations. Bar graph shows the effect of 4-AP
treatment on the frequency and amplitude 60 min after application to the wells. (B) Bar graph shows the effect
of MK-801 treatment on the frequency and amplitude 60 min after application to the wells. (C) Bar graph
shows the effect of NVP-AAMO0077 treatment on the frequency and amplitude 60 min after application to the
wells. (D) Bar graph shows the effect of Ro-256981 treatment on the frequency and amplitude 60 min after
application to the wells. (E) Bar graph shows the effect of CNQX treatment on the frequency and amplitude
60 min after application to the wells. (F) Bar graph shows the effect of nifedipine treatment on the frequency
and amplitude 60 min after application to the wells. Compared with the control condition, *P <0.05, **P <0.01.
n=>5 neuro-spheroids at each condition.

neurotoxic from non-neurotoxic compounds, with a low false positive rate for predicting seizures, convulsions,
and neurodegeneration*!. Moreover, the use of spheroids on specific brain regions has reproduces neurological
disease progression and facilitated drug screening, such as in Alzheimer’s disease and opioid use disorder
models?. Additionally, a report evaluated the effects of ten potential proarrhythmic compounds on Ca?*
oscillations using five human iPSC-derived cardiomyocyte lines in a 384-well plate system to, detecting changes
in Ca?* oscillation duration across all cell lines. This HTS approach demonstrates its potential for a assessing
proarrhythmic risk?®. These studies highlight the Ca?* oscillation assay’s utility in improving prediction accuracy
in early drug development.

A relatively brief OGD of 1 or 2 h increased the firing frequency of Ca** oscillations while simultaneously
reducing their amplitude in a time-dependent manner (Fig. 1). Given that MK-801, CNQX, and nifedipine
suppressed Ca”* oscillations under physiological conditions, Ca?* influx through NMDA receptors, AMPA
receptors, and VGCCs is of significant importance. Furthermore, OGD-enhanced increases in Ca?* oscillation
frequency were also suppressed by NMDA and AMPA receptors (Fig. 3). This aligns with previous findings
that repeated short-term hypoxia regulates calcium responses of ionotropic glutamate receptors in hippocampal
neurons?’. NR2B-mediated NMDAR influx may be particularly significant (Fig. 3). Additionally, after the two-
hour OGD, KV inhibition further increased Ca?* oscillation frequency, whereas GABAA receptor inhibition
by picrotoxin and gabazine did not (Fig. 2B-D). These findings indicate that two hours of OGD impairs
GAGAA receptor signaling in Ca?* oscillations. This posthypoxic hyperexcitability, caused by synchronous Ca?*
spiking in network-forming neurons during reoxygenation?’~*%, has been linked to Ca?*-dependent selective
death of certain GABAergic neurons®. These findings suggest that short-term OGD-induced increases in Ca?*
oscillation frequency result from a decrease in GABAA receptor signaling. The reduction in the amplitude of
Ca?* oscillations can be attributed to a decline in the number of synchronising neurons and a general diminution
in the Ca?* response resulting from OGD.

Rising and FallingSlope parameters showed a significant decline in OGD time dependence (Supplementary
Fig. 1), reflecting potential changes in Ca?* kinetics after OGD, warranting further investigation. Conversely,
prolonged OGD (>3 h) has been demonstrated to cause excessive calcium influx through glutamate receptors,
contributing to mitochondrial dysfunction and neuronal damage®®>C. The cessation of Ca®* oscillations observed
in this study after 3 h of OGD likely results from this mechanism.

The concentrations of compounds affecting Ca®" oscillations were determined based on findings from
previous studies in primary rat neurons, including MEA (microelectrode array) assays. Compounds such as 4-AP,
PTZ, gabazine, MK-801, CNQX, nifedipine, NVP-AAMO0077, Ro-256981, nicotine, PNU282987, RJR-2403, and
PNU120596 have been used in previous studies!®?>26:3951-55 These compounds were investigated for their
impact on Ca?* oscillations in both primary rat neuron cultures and iPSCs*>*°. The concentrations used in these
studies derived from prior research, particularly focusing on neuroprotective effects and electrophysiological
responses. Furthermore, the concentrations used in this study were determined by referencing those tested in in
vivo animal studies, and other relevant sources, including the reports described by Wang et al.*%,

A variety of in vitro assays using neuronal cells or brain tissue from animal origin have also been deemed
applicable to detect drug-induced seizure liabilities®’ . However, it is well documented that there may be species-
specific differences in sensitivity to drug-induced seizures among various preclinical animals, and there may also
be some differences when compared to the outcome in humans®®-62. hiPSC-derived neurons co-cultured in 3D
spheroids have been proposed as a promising model for phenotypic in vitro profiling and potential use*>4463,
Nevertheless, in vitro assays utilizing hiPSC-derived neurons and/or astrocytes, and in vivo animal models are
expensive and inefficient with relatively low throughput. Given the low cost and ease of production of primary
mouse and rat neuronal cultures, the application of a combination of these approaches could increase throughput
and reduce concerns about species differences between preclinical assays and outcomes in humans™.

Two complementary methods have been employed to assess neuronal function. The techniques employed
were calcium imaging and multi-electrode array (MEA). The MEA can be employed to identify, in real-time,
quantal excitatory or inhibitory transmission occurring from numerous neurons within a network. In contrast
to MEA, which records the action potential spikes of cell bodies at the surface of the network and infers
concerted network activity via temporal spike correlation analysis, Ca** oscillations provide a direct measure
of the integrated activity of cell bodies, as well as dendritic and synaptic activity, which are not accessible to
the planar MEA electrode. The time course of stabilization of Ca?* spike activity across the network has been
demonstrated to follow a predictable timeline when isolated neurons are plated in multi-well screening plates,
which are commonly used in standard Ca?* fluorescent reader platforms!®%, MEA electrodes are very expensive,
and the number of electrodes that can be recorded per well is limited.

Furthermore, the utilization of Ca?*-sensitive fluorescent dyes enables the implementation of an intermediate
to high-throughput assay that is not significantly reliant on the technical expertise of the technician, in contrast
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Fig. 6. a7 nAChRs and a4p2 modulate Ca** oscillations. (A) PNU-282987, an a7nAChR agonist,
concentrations were applied to 3D neuro-spheroids at concentrations of 0.3 uM up to 30 uM. (B) RJR-4023,
a4p2 agonists, concentrations were applied to 3D neuro-spheroids at concentrations of 0.1 uM up to 10 uM.
(C) a4P2 agonists varenicline concentrations were applied to 3D neuro-spheroids at concentrations of 0.05 uM
up to 5 uM. Compared with the DMSO control condition, *P < 0.05, **P < 0.01. n =8 neuro-spheroids at each
condition.
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to other electrophysiological recordings such as manual patch clamp or MEA. The MEA technology has been
utilized in in vitro assays with hiPSC neurons. Yet, its relatively low throughput represents a limitation of this
approach in the early phase of drug development'?. Conversely, Ca?* transient imaging using calcium-sensitive
fluorescent dyes has been employed for in vitro screening at a considerably higher throughput. In this approach,
Ca?* transients exhibited waveforms of synchronized neuronal Ca** oscillations. The morphology and frequency
of these phenomena may be readily detected as modulators of neuronal receptors and ion channels!>%>-¢". CaZ*
oscillation has also been extensively employed in the early detection of proarrhythmic and cardiogenic risk in
the discovery and development of new drugs. This investigation indicates that the Ca?* transient assay can serve
as a reliable alternative to the other two assay systems (MEA and voltage-sensing optical (VSO) recording). The
integrative nature of the Ca?* signal also allows for clear interpretation of network signals, regardless of whether
they originate from 2D- or 3D-cellular networks. The reason is that global parameters, such as network Ca**
spiking frequencies and amplitudes, can be readily compared between models.

Ca’* influx from extracellular sources with or without Ca** mobilization from intracellular stores is
important for Ca?* oscillations’. The influx of Ca** via L-type calcium channels appears to be required, while
the influence of N-, T-, P, or Q-type channels on the frequency of Ca2 + oscillations is evident, yet not absolute’.
The inhibition of voltage-gated K channels by TEA and 4-AP also induces Ca?* oscillations; however, this is
independent of NMDA receptor activation since 4-AP-induced Ca?* oscillations cannot be inhibited by either
Mg?* or MK-801. However, AMPA receptors appear to be required as CNQX suppressed Ca* oscillations under
all conditions examined’. We found that MK-801 and CNQX completely suppressed Ca oscillations enhanced
by ischemia (OGD) in a concentration-dependent manner. These observations indicate that Ca?* oscillations
observed in control conditions and those enhanced by ischemia may be the result of combining shared and
distinct mechanisms. Both excitotoxicity in ischemia and Ca?* oscillations are inhibited by the pan-NMDA
receptor antagonist MK-801, indicating that intracellular Ca®* influx through both NMDA receptors is crucial.
Synaptic NMDARSs, which are predominantly NR2A receptor subtypes, and extrasynaptic NMDARs, which are
mainly NR2B subtypes, have opposite effects on neuronal death or survival?!. The objective of this study was to
ascertain whether the inhibition of either NR2A or NR2B of the NMDA receptors had different effects on Ca>*
oscillations. In control conditions, the inhibition of NR2A and NR2B had opposing effects on the frequency of
Ca?* oscillations. The inhibition of NR2A increases the frequency of Ca?* oscillations, whereas the inhibition
of NR2B decreases it. In contrast, no significant difference was observed in the frequency of Ca?* oscillations
following OGD. Further investigation is required to determine the optimal duration of ischemia, subtype
selectivity, and concentration of NMDA inhibitors. A novel drug, Nelonemdaz, which acts as an NR2B inhibitor
in the treatment of acute cerebral infarction, is still under investigation®.

Nifedipine exhibited a concentration-dependent effect on Ca?* oscillations, with a significant decrease in
frequency observed at concentrations below 3 uM and an increase in frequency at higher concentrations (10
uM) (Fig. 5F). Nifedipine has been demonstrated to elicit a sustained facilitation of tetrodotoxin-insensitive
spontaneous glutamate release independent of its L-type calcium channel blocking effect®. Nifedipine acts on
the release process downstream of Ca®* entry or release®. The glutamate-releasing effect of nifedipine was also
confirmed in this system.

The targeting of a7 nAChRs and PAMs represents a promising approach to the treatment of neurological
diseases, including stroke and neurodegenerative disorders’-73. Although there are numerous subtypes of
nicotine receptors, a7 and a4f2 are predominantly expressed in the central nervous system?®. Agonists of a7
nAChRs were observed to increase the frequency of Ca?* oscillations, whereas agonists of a4p2 nAChRs did
not elicit a similar response. Both a4p2- and a7-nAChRs have been demonstrated to mediate nicotine-induced
Ca?* oscillations through distinct regulatory mechanisms in primary cortical neurons. The co-administration
of a7 nAChRs and a4f2 antagonists has been shown to completely prevent nicotine-induced increases in the
firing frequency and amplitude of Ca?* oscillations’®. Nevertheless, the density of neuronal cultures in the study
mentioned above was considerably lower than that in our assay system. Such differences in conditions may have
resulted in different outcomes.

We tested whether both type I (do not modify desensitization) and type II (delay desensitization) PAMs
could control Ca?* oscillations and whether there were differences between them. PNU-120596, a type 2 PAM,
acts via the activation of a7 nAChRs, resulting in increased channel conductance and permeability due to
increased channel opening time. In contrast, NS1738, a type I PAM, has no such effect?®. The type Il PAM PNU-
120596 has been reported to demonstrate significant anti-edematous and anti-allodynic effects in models of
inflammatory and pain’. PNU-120596 has been demonstrated to reduce cerebral infarct volume in a rat model
of middle cerebral artery occlusion, both when administered before and after the onset of the ischemic event’®.
PNU-120596 with PAM inhibits a7 desensitization and leads to sustained a7 activation, which may maximize
its neuroprotective effect’®’%. The desensitization state of a7 nAChRs induced by NS-6740, an a7 nAChR partial
agonist, was sensitive to PNU-120596, as evidenced by the ability of PNU-120596 to reactivate a7 nAChRs
desensitized by NS-6740. This ability to reactivate a7 nAChRs resulted in robust a7 nAChR-mediated currents.
The re-activation of a7 nAChRs desensitized by NS-6740 resulted in the generation of robust a7 nAChR-
mediated currents, thereby enabling the observation of NS-6740-induced a7 nAChR-mediated currents’%.
The co-administration of nicotine with PNU-120596 was found to increase the frequency of Ca?* oscillations,
consistent with the findings observed in human iPS-derived neurons®. PNU-282987 (10 uM) exhibited no
efficacy when administered alone; however, when combined with PNU-120596 (3 uM), intracellular Ca?* levels
were significantly enhanced in a concentration-dependent manner®. Both intermediate type-1/II PAMs (JNJ-
39393406, AF58801) and type-1I PAMs (PNU-120596, TQS) demonstrated a concentration-dependent increase
in intracellular Ca%*, which could be inhibited by MLA?%®. The results obtained are in accordance with those
previously reported for human iPS-derived neurons, thereby indicating that the FDSS-7000 assay system for
Ca?* oscillation is a valuable tool in the search for neuroprotective compounds.
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A comparison between data obtained from standard fluorescence microscopy and high-throughput screening
methods highlights several differences. First, there is a reduction in spatial resolution®!. While FDSS or FLIPR
are highly effective for detecting Ca?* signals in high-throughput screening, they offer lower spatial resolution
compared to microscopes, making it difficult to observe intricate calcium dynamics within neurons or individual
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«Fig. 7. Control of Ca?* oscillations by type I (do not modify desensitization) and type II PAMs and differences
in response between them. (A) Nicotine (10 uM) plus type I PAM PNU-120596 concentrations were applied
to 3D neuro-spheroids at concentrations of 0.3 uM up to 30 uM. Concentration-dependent activation of type
IT PAM PNU-120596 in the presence of nicotine (10 uM). (B) Nicotine (10 uM) plus type I PAM NS-1738
concentrations were applied to 3D neuro-spheroids at concentrations of 0.3 uM up to 30 uM. (C) PNU-272987
plus type I PAM NS-1738 concentrations were applied to 3D neuro-spheroids at concentrations of 0.3 uM up
to 30 uM. Compared with the DMSO control condition, *P <0.05, **P <0.01. n=_8 neuro-spheroids at each
condition.

synaptic changes. Microscopy, particularly two-photon microscopy, capture precise calcium fluctuations within
individual nerve processes and synapses®2. Second, temporal resolution is constrained in FLIPR and FDSS®!.
While they rapidly screen Ca?" responses across cell populations, they miss the detailed kinetics of Ca?*
oscillations that require higher temporal resolutions®®. Third, the HTS system using FDSS or FLIPR focuses on
cellular responses at the population level, averaging Ca?* oscillation data across cells. This limits the ability to
assess the specific functions of individual neurons and synapses, as the results are influenced by the most active
neurons. In contrast, microscopy provides detailed insights into intracellular Ca?* fluctuations and changes in
synaptic structure and function. Lastly, image size is a limitation with microscopy. The large, complex images
generated require manual processing of the region of interest (ROI) for target cells showing Ca?* oscillatory
behavior, making data analysis time-consuming and challenging to manage.

In conclusion, microscopy offers greater precision for Ca?* oscillation kinetics, whereas HTS systems like
FLIPR/EDSS are better suited for large-scale, rapid screening with lower temporal and spatial resolutions.
Microscopy is preferred for detailed kinetic studies, whereas HTS excels in high-throughput drug screening.
Additionally, the FDSS method offers advantages over traditional animal-based toxicity tests, enabling
simultaneous testing of multiple compounds in numerous wells. Although FDSS lacks data on cortical structures
found in slice cultures, as they are derived from dissociated cells.

This study had several limitations. First, the relatively small number of compounds tested necessitates further
studies with more drugs, particularly those with seizure risk or neuroprotective compounds, to validate the
results. Another limitation lies in the methodology employed by FDSS in conducting the assay. The FDSS-7000
provides integrated single data on cell activity, dendrites, and synaptic activity in real time. For more detailed
insights, researchers may consider high content screening (HCS) technology, such as kinetic image cytometry®*.
The MEA can be utilized to identify, in real-time, quantal excitatory or inhibitory transmission occurring from
numerous neurons within a network®%, and assess a multitude of parameters, including the electric efficiency
between neighboring neurons. However, careful interpretation is needed when analyzing the results, especially
when a compound exerts conflicting effects on Ca?* oscillations between neurons and astrocytes. The assay’s
comprehensive design within a single well has inherent limitations. In primary cultures where neurons are
predominant, even a small number of astrocytes with opposing reactions can influence the overall direction of
Ca** oscillation, which ultimately reflects the net effect of neuronal input: either excitatory or inhibitory. Neurons
typically exhibit a low baseline firing rate, allowing only the rising portion of the signal to be detected. Unlike
neurons, astrocytes do not generate action potentials; however, they can regulate neurotransmission through
calcium signaling®. Furthermore, MEA/FDSS has been proven effective in evaluating epileptogenicity using
primary rat neuronal cultures. A seizure risk prediction model based on 113 reference drugs demonstrated high
overall accuracy (92.78%), with strong sensitivity and specificity®. Although sensitivity was lower for neuroactive
compounds, the model still maintained high specificity and accuracy (81.82%)>. Further investigation is
required to ascertain the suitability of in vitro ischemia (OGD) conditions for high-throughput assays in Ca?*
oscillations using FDSS-7000. The prolonged incubation periods with Ca?* dyes have been demonstrated to
influence cell physiology, including the inhibition of Na*/K*-ATPase or cytoskeletal disassembly®’.

Preclinical studies of neuroprotective agents in stroke using cellular and animal models have not yielded
satisfactory results in human clinical trials. In this study, we investigated the dynamics of Ca** oscillations
following ischemia at a high-throughput level and elucidated the effects of nicotinic compounds on Ca?*
oscillations in the 3D space. Ca®* oscillation is regarded as a pivotal assay method, including the utilization
of animal-free induced pluripotent stem cells (iPSCs) and organoids or as a functional assay. In the search for
new drugs for stroke, Ca?* oscillation appears to be a useful approach in neuronal cultures and culture systems
combining various cells.

Data availability
The authors declare that all data supporting the findings of this study are available in the paper, as well as its
Supplementary Information.
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