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Brain organoids with three-dimensional structure and tissue-like function are highly demanded for brain disease
research and drug evaluation. However, to our knowledge, methods for measuring and analyzing brain organoid
function have not been developed yet. This study focused on the frequency components of an obtained waveform
below 500 Hz using planner microelectrode array (MEA) and evaluated the response to the convulsants
pentylenetetrazol (PTZ) and strychnine as well as the antiepileptic drugs (AEDs) perampanel and phenytoin.
Sudden and persistent seizure-like firing was observed with PTZ administration, displaying a concentration-
dependent periodic activity with the frequency component enhanced even in one oscillation characteristic. On
the other hand, in the administration of AEDs, the frequency of oscillation decreased in a concentration-
dependent manner and the intensity of the frequency component in one oscillation also decreased. Interest-
ingly, at low doses of phenytoin, a group of synchronized bursts was formed, which was different from the
response to the perampanel. Frequency components contained information on cerebral organoid function, and
MEA was proven useful in predicting the seizure liability of drugs and evaluating the effect of AEDs with a
different mechanism of action. In addition, frequency component analysis of brain organoids using MEA is an
important analysis method to perform in vitro to in vivo extrapolation in the future, which will help explore the
function of the organoid itself, study human brain developments, and treat various brain diseases.

1. Introduction hypothalamus [8], cerebellum [9], and anterior pituitary [10] have

already been developed.

Organoids are three-dimensional cell aggregates in vitro, capable of
self-renewal or self-organization and exhibit organ-like tissue functions
[1]. They are derived from pluripotent stem cells or isolated organ
progenitors in humans. Recently, in vitro to in vivo extrapolation (IVIVE),
which is explaining and predicting in vivo phenomena from in vitro
findings, has become a useful approach. Therefore, such extrapolation
can be guaranteed when using organoids that are close to the structure
of living organisms and have the potential for biomedical applications
and personalized medicine [2]. To date, organoids have been estab-
lished for the human brain, stomach, retina, esophagus, lung, liver,
prostate, ovary, intestine, kidney, and pancreas [3,4]. Human brain
organoids are remarkably high-degree models of early embryonic and
fetal brain development as well as human-specific diseases [5]. Orga-
noids with the characteristics of the hippocampus [6], midbrain [7],

Seizures are defined as an abnormal excitement of the brain activity
and are a serious side effect of various medications [11,12]. During the
preclinical stage of drug development, it is necessary to develop a highly
accurate method to predict the seizure liability of the candidate drug
that can be extrapolated to humans. In the field of drug discovery, as
well as safety pharmacology of drugs, the development of new antiepi-
leptic drugs (AEDs) is required urgently [13]. The use of human-induced
pluripotent stem cells (iPSCs) can be extrapolated to humans. A method
for predicting the seizure liability of drugs using the microelectrode
array (MEA) method for cultured human iPSC-derived neurons has been
reported [14-16]. However, because cultured human iPSC-derived
neurons have a random structure, the use of cerebral organoids is
considered an effective method for approaching extrapolation in vivo.

In recent years, the electrical activities in organoids have been
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reported using planner MEA [17-22]. For the functional measurement
of organoids, single unit, multiunit, field potential, synaptic current
recording, etc., can be selected according to the aim of the analysis. The
method can also be selected according to the purpose, such as the silicon
probe, MEA, Ca?* imaging, and patch clamp methods. In the case of
organoid measurement using planner MEA, organoids can be efficiently
measured with high throughput by simply placing the organoid on MEA,
which is an effective method for toxicity assessment of drugs and drug
discovery screening. Multiunit analysis is mainstream for organoid
measurement using planner MEA, but frequency component analysis of
the field potential is also considered effective. If the response of the
frequency components to compounds can be detected from organoids,
they have the potential to be an effective index to assess the seizure li-
ability of drugs and functional evaluation in the development of new
AEDs. In the future, it is expected to be compared with in vivo EEG,
which can record field potential. In the analyses of in vivo EEGs of sei-
zures, the frequency band below 500 Hz is typically analyzed [23,24].

Therefore, for in vitro cerebral organoids, activity characteristics are
considered inherent in the frequency component below 500 Hz and may
be changed by the administration of convulsants and AEDs. In this study,
we investigated the frequency component obtained from cerebral
cortical organoids using planner MEA. Furthermore, we observed
changes in activity following the administration of convulsants and
AEDs.

2. Materials and methods
2.1. Human iPSC-derived cerebral organoid culture

Healthy human-derived iPSCs (201B7) were obtained from the
Institute of Physical and Chemical Research. Briefly, iPSCs were cultured
by StemFit (AKO2 N, Ajinomoto) and were collected using Gentle Cell
Dissociation Reagent (ST-07174, STEMCELL Technologies) when cells
were confluent on six well dishes. Collected cells were centrifuged for 5
min at 800 rpm at room temperature. After discarding the supernatant,
1 ml EB seeding medium (EB formation medium added 10 mM Y-27632)
was added and the cell pellet was resuspended. iPSCs were cultured at
9.0 x 10 cells/wel in 96 wells using the EB seeding medium. After 2 and
4 days, 100 pl EB seeding medium was added per well. On day 5,
organoids were observed and spherical form samples were selected. EB
seeding medium was substituted with an induction medium and incu-
bated for 2 days. Organoids were embedded in Matrigel (354,277,
Corning) and incubated in an expansion medium for 3 days. The
expansion medium was substituted with a maturation medium, and the
organoids were incubated in an orbital shaker (COSH6, AS ONE Cor-
poration). Organoids were maintained in the maturation medium for 3
months, with medium replenishment performed every 34 days. After 3
months, the culture medium was changed to Brain Phys (ST-05792,
STEMCELL Technologies). The Medium of the STEMdiff Cerebral
Organoid Kit (ST-08570, STEMCELL Technologies) was used for orga-
noid formation.

2.2. Immunostaining

Cerebral organoids were fixed with 4% paraformaldehyde in PBS. The
samples were embedded in Optimal Cutting Temperature Compound
(45,833, Sakura Finetek Japan) and sectioned at a thickness of 10 pm
using Leica CM3050 S Cryostat. Organoid sections were permeabilized
and blocked with blocking solution (0.05% Triton X-100 and 5% goat
serum in PBS). Primary antibodies in blocking solution were then added
and incubated at 4 °C for overnight, followed by washing and incubation
with secondary antibodies. The following antibodies were used—pri-
mary antibodies: rabbit anti-pax6 antibody (ab5790, Abcam), mouse
anti-p-tubulin IIT antibody (ab7751, Abcam), and rat anti-ctip2 antibody
(ab18465, Abcam) and secondary antibodies: donkey antirat
(ab150155, Abcam), donkey antimouse, (A10036, Invitrogen), and
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donkey antirabbit, (A21206, Invitrogen). Images were viewed using a
confocal microscope (TCS SP8, Leica). The image intensity was adjusted
using the ImageJ software (NIH).

2.3. Microelectrode array recording and multiunit analysis

The MEA experiment was performed following a previously
described method [15]. At 4 months, the cerebral organoids were
mounted on a 24-well planner MEA chip. Spontaneous activities in
organoids were acquired at 37 °C and 5% CO- using a 24-well MEA
system (Comfort; Alpha Med Scientific; recording electrode size 50 x 50
pm, recording electrode inter-electrode distance 150 pm, electrode
impedance [f = 1 kHz] Typ. 10 kQ) at a sampling rate of 20
kHz/channel. In the multiunit analysis, detected waveforms were first
analyzed using the Presto and Mobius software (Alpha Med Scientific)
and MATLAB. A spike was counted when the extracellular recorded
signal exceeded a threshold of +5.3 o, where ¢ was the standard devi-
ation of the baseline noise during quiescent periods.

2.4. Pharmacological tests

Organoids at 4 months of culture were placed in 24-well MEA plates.
Spontaneous activities were measured after resting for 10 min in MEA.
The organoids were collected immediately after the measurement
completion. MEA recordings were obtained for 20 min after the appli-
cation of a GABAj-receptor antagonist—pentylenetetrazol (PTZ, 0.1,
0.3, 1, 3, 10 mM; P0046, Tokyo chemical Industry), glycine receptor
antagonist—strychnine (3, 10, 30, 100 pM; S0632-5G, sigma), Na*-
channel blocker—phenytoin (3, 10, 30, 100, 300 pM; 166-12082,
Wako), and AMPA-receptor antagonist—perampanel (0.03, 0.1, 0.3, 1,
3 pM; P285520, Toronto Research Chemicals).

2.5. Frequency analyses

Wavelet analysis was performed using a custom-written program in
MATLAB (using function cwt in the package “Wavelet Toolbox™).
Briefly, the raw data, f (t), was transformed as follows:

W(b,a) :% 7f(t)G<t_ab> dr

where a and b denoted the scaling factor (1/Hz) and the center location
(ms) of the mother wavelet function, respectively. 1/a varied from 0.1 to
250 Hz. G(x) is the complex Morlet function:

1 2

Gx) = \/mexp<f%> exp(2inFcx)

where Fp = 5 was the frequency bandwidth or wavenumber and F¢ = 1
was the center frequency.

The wavelet power spectrum, W(b, a) was also specified. The
amplitude of this transform was obtained from its absolute value and
was color-coded. A scalogram is drawn with the Y axis representing the
frequency band as 181 pixels and the X axis representing time. One pixel
on the X axis is 50 ps.

- WT
Nx x Ny(f)

WT,4: Wavelet transform coefficient per pixel in each frequency band.

WTs: Summation of wavelet transform coefficient in each frequency
band.

Nx: Number of pixels on X axis.

Ny(f): Number of pixels on the Y axis, f is the frequency band.

The voltage peak value of the oscillation was detected from the raw
waveform, but those with a peak value of <20 pV were excluded from
the analysis. In addition, we calculated the frequency power at the

WT,
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+250 ms of peak time and created the scalogram of average in an
oscillation for 80 s.

3. Results
3.1. Structure of cerebral organoids derived from human iPSCs

To investigate organoids functionally, we were measured sponta-
neous activities and pharmacological response using the MEA system
(Fig. 1A-a). We made cerebral organoids derived from human iPSCs and
investigated neuronal differentiation characteristics using immunocy-
tochemistry (Fig. 1A and b). Sliced samples were dyed using Hoechst
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33,258 as a cell nuclear marker, PAX6 as an unspecialized cells marker,
B-tubulin III as a neuronal marker, and ctip2 as a cortical marker.
Immunocytochemistry showed that p-tubulin III and ctip2 were
expressed in organoids. These results suggested that the produced
organoids contain the basic components in a developing human cerebral
cortex in vitro model, indicating that human cerebral organoids have a
functional structure.

3.2. Frequency analysis of electrical activities in cerebral organoids after
convulsant administration

Spontaneous activities were measured in cerebral organoids on a 24-
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Fig. 1. Microelectrode array (MEA) recording to pentylenetetrazol (PTZ) administration in 4-month cerebral organoids.

(A) a: Brain organoid on MEA. b: Characterization of brain organoids by immunocytochemistry. Hoechst 33, 258 (blue), aired box protein 6 (PAX6, green), p-Tubulin
III (red), CTIP2 (yellow). (B) Spontaneous activities after 10 min in PTZ administration. a: Spontaneous activities raw waveforms. b: Waveforms with components
below 100 Hz removed in a high-pass filter. (C) Changes in multiunit activities after PTZ administration. a: Raster plots in all 16 electrodes. b: Change in the total
number of spikes versus vehicle. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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well MEA chip. In addition, we used PTZ typical convulsant to obtain
drug response. Fig. 1B (a) shows spontaneous activities raw waveform
after 10 min of PTZ administration and Fig. 1B (b) shows that the raw
waveform in Fig. 1B (a) is cut on components below 100 Hz using a high-
pass filter. The spontaneous activities are observed in vehicle adminis-
tration (Fig. 1 B-a). The frequency of electrical activities and amplitude
were increased in a concentration-dependent manner after PTZ admin-
istration in the raw waveform and frequency components (Fig. 1B-a).
The sustained response was observed immediately over 4 min after the
first single oscillation in 1, 3, and 10 mM PTZ administration (Fig. 1B-a,
b). These sudden and sustained firings are activities not found in the
cultured neuronal network.

Fig. 1C (a) of the histogram shows the raster plot of spontaneous
firing at 16 electrodes per 1 s after PTZ administration. Fig. 1C (b) shows
the rate of change in the number of spikes for 10 min after normalization
in the vehicle using a multiunit analysis. The total spike rate normalized
by vehicle concentration increased to 162.7% at 0.1 mM, 191.9% at 0.3
pM, 258% at 1 pM, 303.2% at 3 pM, and 252.2% at 10 pM. The multiunit
analysis showed a concentration-dependent increase in the number of
firings, but it was not sufficiently extracted from the change in wave-
forms. Therefore, we investigated the characteristics of frequency
components below 500 kHz (Fig. 2).

Fig. 2A shows raw waveforms and wavelet analysis between 0.3 and
9 Hz for 5 min before and after PTZ administration. As shown in the
scalograms presented in Fig. 2A (a), oscillations were discrete in vehicles
at 0.1 and 0.3 mM. In 0.1 and 0.3 mM PTZ, oscillations fluctuating from
1 to 3 Hz were observed at intervals of 30-40 s. Over a PTZ concen-
tration of 1 mM, oscillations changed more persistently and periodically
(Fig. 2 A-a). In addition, the first oscillation in 3 mM and 10 mM PTZ
showed strong frequency components. Fig. 2A and b indicates the fre-
quency power histograms of the red line part in Fig. 2A (a). In the total
value of oscillation frequency, peak power at peak frequency were
1661.49 at 1.41 Hz (vehicle), 1430.84 at 1.41 Hz (0.1 mM), 1542.90 at
1.41 Hz (0.3 mM), 5474.25 at 1.26 Hz (1 mM), 3089.08 at 1.12 Hz (3
mM), and 5735.20 at 0.89 Hz (10 mM). The frequency power showed a
marked increase from 1 mM. These results also show sustained and
periodical activities, depending on the concentration of PTZ.

To investigate the characteristic of one oscillation, we detected
oscillation from raw waveform (red dot in Fig. 2 B-a) and investigated
the average of frequency power at 4-500 Hz in one oscillation at each
concentration (Fig. 2 B-b). The power of frequency at 4-10 Hz increased
in PTZ administration. The power of oscillation also increased (60-460
Hz) in a concentration-dependent manner (Fig. 2 B-b). In particular, the
100-300 Hz band was enhanced at 3 and 10 mM. Furthermore, the
duration of the increased power of frequency was approximately 250 ms
at 3 and 10 mM (Fig. 2 B-b). In summary, the strength of 4-10 Hz and
60-460 Hz was increased in one oscillation. Thus, the frequency com-
ponents are contained the information of responses to PTZ and detailed
information can be obtained by analyzing each oscillation.

Next, we investigated whether cerebral organoids respond to drugs
having other mechanisms of action. Fig. 3 shows the raw waveform and
wavelet analysis of electrical activities after 5 min after strychnine
administration. The number of oscillations was 4 for the vehicle, 2 at 0.3
pM, 6 at 1 pM, 3 at 3 pM, 22 at 10 pM, and 8 at 30 pM. At 10 pM, the
number of oscillations was clearly increased and sustained oscillations
were observed. The wavelet analysis showed that the frequency band of
4-10 Hz increased in strychnine administration and that of 4-500 Hz
also increased in 10 pM. Strychnine is a glycine and acetylcholine re-
ceptor antagonist. Thus, glycine receptor may express and function in
organoids.

The results showed a concentration-dependent seizure-like wave-
form with sustained neural activities of GABA-A receptor antagonist
upon PTZ administration. Furthermore, the information was listed on
low frequencies with both PTZ and strychnine.
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3.3. Responses to AEDs in cerebral organoids

We measured electrical activities in responses to perampanel and
phenytoin administrations in 4-month cerebral organoids to investigate
their response to anticonvulsants. In the raw waveform for 10 min after
perampanel administration, the oscillation frequency decreased in a
concentration-dependent manner and disappeared at 1 and 3 pM
(Fig. 4A-a). Fig. 4B and C shows representative raster plots and the total
number of spikes after AED administration for 10 min. In the case of the
perampanel administration, the total number of spikes normalized by
the vehicle decreased in a concentration-dependent manner to 64.0%,
29.4%, 10.4%, 6.54%, and 5.64% at 0.03, 0.1, 0.3, 1, and 3 puM,
respectively (Fig. 4B-a and C-a). In the case of phenytoin administra-
tion, the number of spikes did not decrease till the concentration of 30
pM but a group of synchronized bursts occurred from 10 pM (Fig. 4A-b
and B-b). Total spikes were decreased to 47.3% at 100 pM and 2.12% at
300 pM (Fig. 4C-b). Fig. 4D shows a characteristic raw oscillation
waveform of the red line in Fig. 4A and the results of wavelet analysis.
Recurring activities were observed after a single oscillation between
both organoid samples (Fig. 4D). Frequency components near 10-30 Hz
were raised after the oscillation, which indicated that there are recurring
activities. The power of recurring activities decreased in a
concentration-dependent manner in the case of perampanel and
phenytoin administrations. Furthermore, the oscillation width
decreased in a concentration-dependent manner in phenytoin. In sum-
mary, recurring activity was observed in the case of both drugs in
vehicle administration and it was listed in the wavelet waveform.
Moreover, we observed reduced power in the case of one oscillation in
both drugs. In the case of perampanel, the oscillations were only
reduced. However, in the case of phenytoin, the oscillation frequency
increased. Therefore, the phenomenon of decreased recurring activity
after oscillation was potentially similar but their appearance varied
between perampanel and phenytoin.

4. Discussion

We demonstrated the recording of electrical activities in human
iPSC-derived cerebral organoids using MEA and detected the electrical
activity characteristics of organoids in frequency components. A
measuring device is also important for acquiring frequency components.
The frequency components could be analyzed because an MEA system
with low impedance electrodes was used.

We observed a concentration-dependent seizure-like waveform with
sustained neural activities in the case of PTZ and strychnine adminis-
tration (Figs. 1B, 2 and 3). Moreover, there was a concentration-
dependent increase in the multiunit activity (Fig. 1C-b). In EEG of
rats, the multiunit activity is increased in the oral administration of PTZ
[25]. Therefore, these results suggested that the electrical activities from
organoids are similar to those in mammals. After PTZ administration,
sudden and sustained firings were observed in this organoid study. In the
case of cultured human iPSC-derived neurons, network bursts were
observed before drug administration and the frequency of network
bursts was reported to increase with PTZ administration [26]. Therefore,
the sudden and sustained firings observed in the organoids are consid-
ered to be the characteristic phenomena not found in cultured neuronal
networks.

The peak power calculated from these total values of oscillation
frequency was also increased upon 1, 3, and 10 mM PTZ administra-
tions. The intensity of the band below 10 Hz showed a concentration-
dependent increase. The intensity of the 60-460 Hz band was
increased and widespread in the cases of 1, 3, and 10 mM PTZ admin-
istrations (Fig. 2B). In particular, the 100-300 Hz band was enhanced at
3 and 10 mM (Fig. 2B-b). Analysis of frequency components of cerebral
organoids below 500 Hz is considered an effective method for predicting
the seizure liability of drugs.

In the EEGs of epilepsy patients, 80-500 Hz is used as a marker for
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Fig. 2. Frequency analysis below 500 Hz in PTZ administration.

(A) a: Raw waveforms for 5 min and the scalogram of 0.3-9 Hz. Enlarged view of red line part in Fig. 1B a. b: The histogram of frequency power in 0.3-9 Hz. (B) a:
Scalogram of 4-500 Hz for 80 s in the red line part of A-a. Red dots indicate detected synchronized activities. b: Average value of frequency power in detected
synchronized activities. The scalogram with peak detection time +250 ms. Vehicle (n = 9), 0.1 mM (n = 44), 0.3 mM (n = 39), 1 mM (n = 41), 3mM (n = 55), 10 mM
(n = 51). . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Responses to strychnine in 4-month cerebral organoids.

Raw waveform and scalogram of electrical activities in strychnine administration. A wavelet analysis was computed of the characteristic raw waveform (4-500 Hz)

for 60 s in strychnine administration.

seizures [27]. Characteristic waveforms are observed in the frequency
band of 100-300 Hz [28]. Below 100 Hz, the p and y waves are enhanced
in the EEGs of patients with epilepsy [29]. Childhood epilepsy has been
reported to involve increased activity in the 3 Hz band [30]. In in vivo
PTZ administration experiments using animal models, changes were
reported in the 11 Hz band in dogs [31], 6 Hz band in rats and mice [31],
and all bands below 50 Hz in cynomolgus monkeys [32]. In this study,
we examined the possibility of evaluating the seizure liability of drugs
using organoids, prepared organoids from healthy donor-derived iPSCs,
and then detected the responses of the organoids to convulsants. As a
result, the comparison of these findings with the in vivo EEG data of
diseased patients is difficult. As the frequency characteristics observed
in the EEGs of epilepsy patients vary depending on the disease type,
future studies should examine whether disease-specific frequency
characteristics can be detected using diseased brain organoids devel-
oped from patient-derived iPSCs. When seizure-like activities are
observed in cerebral organoids prepared from diseased iPSCs, frequency
analysis below 500 Hz, as shown in this study, is considered effective.
Perampanel is an AED mainly affecting the AMPA glutamate recep-
tor. We observed synchronized bursts and the concentration-dependent
decrease in the number of firings upon perampanel administration
(Fig. 4A-a, 4C-a). In rats, we demonstrated that pilocarpine-induced
epilepsy-like EEGs were suppressed by perampanel administration

[33]. Moreover, phenytoin, an old-generation Na'-channel blocker,
remarkably decreased the number of firings in 100-300 pM (Fig. 4A and
b). In rats transplanted with epidural electrodes, the induced
epilepsy-like EEG following the intracortical administration of FeCL3
was suppressed upon phenytoin administration [34]. Moreover,
epilepsy-like EEG is suppressed in humans by the oral administration of
phenytoin [35]. Interestingly, we observed the occurrence of bursts-like
seizures in the data related to phenytoin. Phenytoin displays reported
side effects [36]. Therefore, the elevated bursts detected with organoids
might reflect the side effects of phenytoin. The wavelet analysis showed
a concentration-dependent decrease in the recurring activity upon per-
ampanel and phenytoin administration (Fig. 4D-a,b). The synaptic
transmission of the network might have been inhibited, and a recursive
decrease in frequency power was observed. According to the results of
this study, changes to AEDs can be evaluated using brain organoids,
including organoids prepared from healthy donor-derived iPSCs. How-
ever, when evaluating AEDs, it would be ideal to test AEDs using
organoids that show seizure-like activity. A future task will be to pro-
duce organoids that show seizure-like activity from iPSCs derived from
patients.

These results indicated that we detected the change in electrical
activities by convulsants and AEDs administration focusing on the fre-
quency components below 500 Hz. However, the production of highly
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10 min. (a) Perampanel. (b) Phenytoin. (C) Changes in multiunit activities. (a) Perampanel. (b) Phenytoin. (D) Frequency analysis in on oscillation in the red line part
of A-a and b. The characteristic typical raw waveforms (left) and 4-250 Hz scalograms (Right) after AEDs administration for 15 s. (a) Perampanel. (b) Phenytoin. .
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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reproducible cerebral organoids remains a challenge. The seizure-like
response of organoids is not observed every time in PTZ administra-
tion (Fig. 1B). The stability of the firing pattern is considered to depend
on the state of the produced organoids. Therefore, to build a stable
evaluation system in the future, we need to clarify the relation between
the state of produced organoids and electrical activity. Furthermore, in
this study, the waveform could be observed byjust placing the organoid
on the MEA chip without a weight. The obtained data represent signals
from the surface of the organoid. To analyze the function of organoids in
more detail using this system, we need to measure the electrical activity
inside the organoid. Therefore, our next challenges would be to create
organoid sections and measure electrical activities with their use.

In this study, analysis of the electrical activity of cerebral organoids
revealed that frequency analysis below 500 Hz is effective. Our findings
suggest that the analysis of frequency components of organoids is
effective in the assessment of the seizure liability of drugs and effects of
AEDs as well as for performing IVIVE. Frequency component analysis in
MEA is expected to become an important analysis method for studying
brain organoids in the future and can support scientific research on the
function of the organoid itself, development of the human brain, and
treatment of various diseases.
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