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Human induced-pluripotent stem cell (hiPSC)-derived neurons develop organized neuronal networks
under in vitro cultivation conditions. Here, using a multielectrode array system, we examined whether
the spike patterns of hiPSC-derived neuronal populations differed in a manner that depended on the
proportions of glutamatergic and gamma-aminobutyric acid (GABA)ergic neurons in the cultures. Syn-
chronous burst firing events spanning multiple electrodes became more frequent as the number of days
in culture increased. However, at all developmental stages, the event rates of synchronous burst firing,
the repertoires of synchronous burst firing, and the frequencies of sporadic spikes did not differ in
cultures with different glutamatergic-to-GABAergic ratios. Pharmacological blockade of GABAergic
synaptic transmission increased the frequencies of spike patterns specifically in cultures with lower
glutamatergic-to-GABAergic ratios. These results demonstrate that a robust homeostatic property of
developing hiPSC-derived neuronal networks in culture counteracts chronically imbalanced gluta-
matergic and GABAergic signaling.
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1. Introduction

Cultures of human induced-pluripotent stem cell (hiPSC)-
derived neurons have been utilized as useful in vitro model systems
that are expected to replicate human neuronal networks more
accurately than rodent neurons and that can be used in disease
modeling and drug discovery research [1—4]. During the matura-
tion of dissociated hiPSC-derived neurons in culture, the cells
establish intricate neuronal networks by forming synaptic
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connections [2,5—7] and begin to display organized spatiotemporal
activity patterns [2,8—10], a physiological sign that suggests suc-
cessful incorporation of individual neurons into functional circuits.

The mammalian cortex is mainly composed of excitatory glu-
tamatergic (Glu) and inhibitory gamma-aminobutyric acid (GABA)
ergic neurons; the ratio of glutamatergic neurons to GABAergic
neurons is approximately 80:20 throughout rodent cortical regions
[11,12]. The relative numbers of these cell types are crucial for
achieving appropriate net excitatory and inhibitory balances to
stabilize neuronal activity levels.

The evidence raises the question of whether and how activity
patterns of neuronal populations differ depending on the existence
ratios of glutamatergic and GABAergic cell types. To address this
question, hiPSC-derived neuron cultures are an ideal experimental
system as we can artificially manipulate the proportions of cell
types of hiPSC-derived neurons [13—15]. Here, we cocultured
hiPSC-derived glutamatergic and GABAergic neurons at various
ratios (Fig. 1A). The spike patterns of these hiPSC-derived neuronal
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Fig. 1. Synchronized burst activity of hiPSC-derived glutamatergic and GABAergic neurons. (A) (Left) Schematic illustrations of cocultures of hiPSC-derived glutamatergic (red)
and GABAergic (blue) neurons. The ratios of glutamatergic (red) and GABAergic (blue) neurons in individual wells analyzed in this study are summarized in the table at right. (B)
(Top) Representative electrophysiological traces from three channels, including two typical synchronous burst-like population firing (SBF) events (indicated by the cyan boxes). In
addition, each channel recorded sporadic spikes outside the SBF events. (Bottom) Raster plot showing spike patterns detected in all 16 electrodes. Each row represents an electrode,
and each tick represents a spike. (C) (Left) Data from individual wells. Developmental changes in the frequency of SBF events occur as DIV increases. Each line indicates a well.
(Right) Averaged data computed from each culture group. The data are presented as the mean + standard error of the mean (SEM). (D) Total number of spikes recorded by active
electrodes included in a single SBF event. The data are presented as the mean + SEM. (E) Distribution of the duration of SBF events at each DIV. (F) Distribution of the intervals

between neighboring SBF events at each DIV.

populations were monitored using a multielectrode array (MEA) 2. Material and methods

system as previously reported [2,9,10,16]. We focused our analyses

on the synchronous burst firing patterns and sporadic spike pat- 2.1. Culture of hiPSC-derived neuronal networks at varying ratios of
terns of the hiPSC-derived neurons during progressive develop- glutamatergic neurons to GABAergic neurons

mental stages. We then tested the effects of inhibition of GABAergic

transmission on the temporal activity patterns of the hiPSC-derived Human iPSC-derived layer V glutamatergic neurons (BX-0350;

neuronal cultures.

BrainXell Inc.) and PV-enriched GABAergic neurons (BX-0451;
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Fig. 2. Variability of SBF events depends on the ratio of glutamatergic to GABAergic cells. (A) Raster plot including five SBF events. (B) Two representative SBF events (SBF 1 and
SBF 5) shown in A are magnified. Each tick shows a spike, and the corresponding spike rate changes recorded by individual channels are superimposed in pink. The similarity of the
two SBF events was calculated to be 0.77. (C) (Left) Similarity matrix of all SBF event pairs constructed from the raster plot in A. (Right) The left matrix was clustered using the
affinity propagation algorithm, which identified 11 SBF clusters. (D) Number of SBF clusters as a function of DIV. The data are presented as the mean + SEM.

BrainXell Inc.) were seeded in 24-well MEA plates (Comfort, Eco,
Alpha Med Scientific Inc.) coated with polyethyleneimine (Sigma)
and Laminin-511 (Nippi) at ratios of 100/0, 75/25, 50/50, 25/75, and
0/100 (glutamatergic neurons:GABAergic neurons). The cell density
at all ratios was 8.0 x 10” cells/cm?. A seeding medium was used to
seed the cells; on the following day, the medium was changed to
Day 1 Medium, and the medium was changed again after 4 days to
Day 4 Medium. Half of the culture medium was replaced with fresh
Day 4 Medium on days 7, 11, and 14. On day 8, 3 x 10? astrocytes
(AX0084; Axol Bioscience Inc.) were added to each well. BrainPhys
medium containing SM 1 neuronal supplement (STEMCELL Tech-
nologies) was used after day 18 and was replaced every 4 days.

2.2. MEA measurements

Spontaneous extracellular field potentials were acquired using a
24-well MEA system (Presto; Alpha Med Scientific Inc.) at a 20 kHz/
channel sampling rate at 37 °C under 5% CO,. Signals were high-
pass-filtered at 1 Hz and stored on a personal computer. Spikes
were detected in the acquired data using a 100-Hz high-pass filter.

2.3. Pharmacological tests

To evaluate the function of glutamate receptors at each cell type
ratio, 10 uM picrotoxin was added in the 8th week of culture. The
spontaneous activity in the presence of each drug at each con-
centration was measured for 10 min.

2.4. Detection of spikes

Spikes were detected using Mobius software (Alpha Med Sci-
entific Inc.). A spike was counted when the extracellularly recorded
signal exceeded a threshold of +5.3 o, where ¢ represents the
standard deviation of the baseline noise during quiescent periods.

SBFs were detected via MEDG4 spikes analysis (Alpha Med Scien-
tific Inc.).

2.5. Statistics

Electrodes that recorded spike rates of more than 1Hz were
defined as active electrodes. To obtain the data shown in Figs. 2B,
3D, active electrodes were analyzed. Comparisons of two sample
distributions were performed using the Kolmogorov-Smirnov test.
Multiple group comparisons were performed using post hoc Bon-
ferroni correction. In Fig. 4A, because the number of samples was
relatively low (n=3—4), a statistical P-value was computed by
applying a permutation test of within-group averaged data. The
null hypothesis was rejected at the P < 0.05 level.

3. Results
3.1. Synchronous burst firing events of hiPSC-derived neurons

Human iPSC-derived neurons were plated on MEA-containing
culture dishes equipped with 16 recording electrodes as
described previously [2,9,10,16]. In this study, hiPSC-derived neu-
rons were initially seeded at varying ratios of glutamatergic to
GABAergic cells (100:0, 75:25, 50:50, 25:75, and 0:100); this
resulted in culture preparations with different existence ratios of
glutamatergic and GABAergic cells (88:12, 84:16, 74:26, 58:42, and
48:52), respectively, as shown by immunocytochemistry using an
antibody against -tubulin III, a neuronal marker, and an antibody
against GABA, a marker of GABAergic neurons (Fig. 1A; for more
detail, see Yokoi et al., submitted for publication). Electrophysio-
logical recordings were obtained at 25, 33, 50, 69, and 80 days
in vitro (DIV). The cultures spontaneously exhibited synchronous
burst firing (SBF) events spanning multiple electrodes (Fig. 1B). As
shown in the lower raster plot, which represents the spontaneous
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Fig. 3. Characteristics of sporadic spikes produced by hiPSC-derived neurons. (A)
(Left) Rastergrams showing the spiking activity patterns detected by 16 electrodes at
DIV 25 and DIV 80. Each row represents a single electrode, and each dot represents a
single spike. The spikes involved in SBF events appear in the cyan regions. (Right)
Sporadic spike frequencies of the individual electrodes corresponding to the left raster
plot. (B) Distribution of sporadic spike rates in each culture group at each DIV. (C) (Left)
Spike patterns recorded by two representative electrodes (top). Each vertical line
represents a spike. The number of synchronized spikes (Freqsy,c) within a 100-ms time
window was counted. (D) A typical surrogate dataset was generated by randomly

spiking patterns of individual channels, ongoing spike rates were
markedly increased during SBF events.

The frequency of SBF events at each DIV is summarized in
Fig. 1C. In all culture groups, the frequency of SBF events was zero
on DIV 25 and significantly increased with time up to DIV 80 (88:12,
F4,8)=423, P—0.039; 84:16, F414)—4519, P—74x107%;
74:26, FH4,15)=466, P=0.012; 58:42, F4,15)=19.45,
P=84x10"% 48:52, F(415)=2117, P=28x10"% one-way
ANOVA). At all DIVs, the mean SBF event frequencies in cultures
of the 88:12 group were significantly higher than those in cultures
of the 48:52 group (88:12 vs. 48:52: F(1,16)=35.30, P=0.004,
repeated-measure ANOVA with Bonferroni corrections), demon-
strating that iPSC-derived neuronal populations with higher pro-
portions of glutamatergic cells were more likely to produce SBF
events. However, no significant differences in the frequencies of SBF
events were detected in any other group comparisons (P> 0.05).
Repeated-measures ANOVA with Bonferroni correction revealed no
significant difference in the number of spikes included in a single
SBF event across culture groups (P> 0.05). The distributions of the
durations and inter-event intervals of the SBF events are summa-
rized in Fig. 1E and F.

Using correlation analysis, we then examined temporal spike
patterns within SBF events. Fig. 2A shows representative spike
patterns and SBF events. In the raster plots in Fig. 2B, the first (SBF
1) and the fifth (SBF 5) SBF events are magnified on the time axis.
For every 0.2-s bin within a SBF event, instantaneous spike rates
were computed for individual electrodes, and a series of population
vectors representing a SBF-associated spiking pattern was con-
structed. The Pearson correlation coefficient between each pair of
population vectors was computed based on the similarity of spike
patterns. The same analysis was applied to all possible pairs of SBF
events, creating a similarity matrix for all SBF events that occurred
during a 10-min recording period (Fig. 2C, left). The matrix was
then analyzed using the affinity propagation algorithm, an
exemplar-based method of clustering analysis, to identify clusters
of SBF events, including similar spiking patterns. In the sample data
shown in Fig. 2C, the affinity propagation identified 11 clusters. The
numbers of clusters of SBF events detected in all the recordings are
summarized in Fig. 2D. Throughout the culture period, the number
of clusters at a given DIV did not differ in any of the culture groups
(in all comparisons, P> 0.05, repeated-measures ANOVA with
Bonferroni correction). The results demonstrate that the hiPSC-
derived neuronal populations generated almost identical reper-
toires of SBF-associated spiking patterns irrespective of the ratio of
glutamatergic to GABAergic cells in the neuronal cultures.

3.2. Sporadic spike patterns of hiPSC-derived neurons

We next examined whether the spike patterns of hiPSC-derived
neurons that occurred outside SBF event periods, termed sporadic
spikes, differed as a function of Glu/GABA ratio and/or DIV. Fig. 3A
shows representative sporadic spike patterns observed outside SBF
events (vertical cyan lines). On any DIV, the distributions of

transposing the inter-spike intervals (ISIs) within an electrode. (E) For this electrode
pair, a real Freqsync value is indicated by the arrow; this value was compared with the
Freqsync distribution computed from the corresponding 100 surrogate datasets (his-
togram). Based on the distribution of the surrogate datasets, the z-score of the real
data was calculated to be 5.8. (F) Representative map showing highly correlated
electrode pairs; pairs with z-scores greater than 1.96 are connected by black lines. The
thickness of the line indicates the z-score. The large black dots and small red dots
represent active and non-active electrodes, respectively. (G) Distribution of z-scores for
each pair of active electrodes. (H) Plot of z-scores for individual active electrode pairs
against the distance between the two electrodes. Black dots show individual electrode
pairs; red dots show averaged data.
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sporadic spike rates did not differ across groups with different Glu/
GABA ratios (Fig. 3B; all DIVs: P> 0.05; Kolmogorov-Smirnov test
with Bonferroni correction). These results demonstrate that hiPSC-
derived neurons showed increased sporadic spiking as DIV
increased but that the activity pattern at each developmental stage
did not depend on the relative proportions of glutamatergic and
GABAergic cells. However, while statistical significance was not
found, it is notable that a small proportion (10—20%) of electrodes
in the high Glu/GABA cultures (88:12, 84:16, and 74:26) recorded
extremely high spike rates of more than 500/min after DIV 50.

To further investigate the temporal correlations of sporadic
spikes, we next applied pairwise synchronization analysis. In a pair
of electrodes, coincident sporadic spikes recorded within a 100-ms
period were extracted as synchronous sporadic spikes. The fre-
quency of such synchronous sporadic spikes (Freqsync) was
computed (Fig. 3C). Surrogate Freqsync datasets were obtained using
Monte-Carlo randomization in which inter-sporadic spike intervals
(ISIs) were shuffled within each electrode to collapse the tempo-
rally organized spike patterns without changing the total spike
counts (Fig. 3D). This shuffling procedure was repeated 100 times,
and the probability distribution of Freqsyy in the surrogate datasets
was compared with the real Freqsync (Fig. 3E). In the sample elec-
trode pair, the real Freqsync was 2.9 min—!, whereas such a high
frequency was never observed in the 100 surrogates. The signifi-
cance of the real Freqsync was quantified by computing a z-score
based on the mean and standard deviation of the distribution of the
100 surrogate Freqsyncs. Fig. 3F presents representative spatial maps
showing highly correlative electrode pairs with z-scores of more
than 1.96 (a significance level of P < 0.05) at various DIVs in a single
well. In each culture group, the distributions of z-scores increased
significantly as DIV increased up to 80 (88:12, F(4,121)=12.98,
P=79x10"7; 84:16, F4,649)=35.62, P=6.4x10 %/, 74:26,
F4,511)=1358, P=16x10""0;  58:42, F4,142)-839,
P=42 x 1075 48:52, F(4,731)=29.17, P=1.6 x 10 %%, one-way
ANOVA). On each DIV, the overall distribution of z-scores did not
differ significantly across the culture groups (Fig. 3G; all DIVs:
P>0.05; Kolmogorov-Smirnov test with Bonferroni correction).

These results suggest that hiPSC-derived neurons developed
stronger correlative sporadic spike patterns as DIVs increased but
that the correlative activity patterns observed at each develop-
mental stage did not differ in cultures containing different ratios of
glutamatergic to GABAergic cells. All z-scores were plotted as a
function of the distance between the two electrodes (Fig. 3H); the
results showed a significant negative correlation between z-score
and distance on DIVs 33 and 50 (DIV 25, R=—0.031, P=0.80; DIV
33, R=-0.15, P=0.0063; DIV 50, R=-0.12, P=0.015; DIV 69,
R=-0.081,P=0.071; DIV 80,R= —0.063, P= 0.16), suggesting that
the synchronicity of sporadic spikes between two electrodes was
associated with their interelectrode distance.

3.3. Inhibition of GABAergic transmission increases SBF events

We sought to examine the intrinsic contribution of GABAergic
synaptic transmission to the observed neuronal activity patterns.
We tested this idea by applying picrotoxin (PTX), a GABAa receptor
inhibitor, to cultures on DIV 50. In the 58:42 and 48:52 groups,
treatment with PTX significantly increased the frequency of SBF
events (Fig. 4A; 58:42, permutation P-value for average = 0.025;
48:52, permutation P-value for average = 0.035). The other culture
groups did not show significant differences (P> 0.05). In the 74:26
and 48:52 groups, treatment with PTX also increased the frequency
of sporadic spikes (Fig. 4B; 74:26, Dmax = 0.31, P=0.0028; 48:52,
Dmax=038,P=16 x 10 % Kolmogorov-Smirnov test), whereas no
significant differences were observed in the other culture groups
(P> 0.05). These results suggest that iPSC-derived neuronal cul-
tures with lower ratios of glutamatergic to GABAergic cells were
more sensitive to blockade of GABAergic signaling.

4. Discussion

In this study, we analyzed the spatiotemporal spike patterns
exhibited by hiPSC-derived neuronal populations consisting of
various proportions of glutamatergic and GABAergic cells by
focusing on two activity patterns, transient excitation of neuronal
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populations (SBF events) and basal activity patterns of individual
neurons (sporadic spikes). These two activity patterns reflect
different physiological aspects of neuronal network activity. Our
major findings were as follows: (1) SBF events occurred more
frequently at higher DIVs irrespective of the Glu/GABA ratios; (2)
sporadic spike patterns did not vary markedly among cultures with
different Glu/GABA ratios, and (3) inhibition of GABAergic trans-
mission increased the frequency of both SBF events and sporadic
spiking of hiPSC-derived neurons specifically in cultures with lower
Glu/GABA ratios.

In the cortex, the majority (70—80%) of neurons are gluta-
matergic excitatory neurons, and the remaining neurons are
GABAergic inhibitory neurons [11,12]. The balance between gluta-
matergic excitatory transmission and GABAergic inhibitory trans-
mission may determine the synchronous spiking patterns of
neuronal networks. In some of our experiments, the Glu/GABA ra-
tios used might be anatomically unrealistic, but the results ob-
tained under these conditions verify the hypothesis that the Glu/
GABA ratio affects the population spike patterns. Contrary to our
expectation, almost no significant difference in the frequencies of
SBF events or sporadic spikes was observed in the different culture
groups. These results indicate that hiPSC-derived neurons in cul-
ture have the ability to converge their activity to a certain level
irrespective of the proportions of glutamatergic and GABAergic
neurons in the cultures. The results also suggest that a strong ho-
meostasis that prevents excitatory and inhibitory imbalance is
inherent in hiPSC-derived neuronal networks. The mechanisms
underlying the homeostatic property of these networks may
include scaling of synaptic strength, adjustment of the probability
of synaptic connection between pairs of neurons, adjustment of the
intrinsic activity levels of individual cells, and loss of active/inactive
cells. Further studies are required to elucidate the detailed bio-
logical mechanisms involved.

Cultures with lower ratios of glutamatergic to GABAergic cells
(i.e., 48:52, 58:42, and 74:26) specifically showed significant in-
creases in both synchronous and sporadic activity during phar-
macological inhibition of GABAergic signaling. This result suggests
that the activity of these cultured neurons in the baseline state is
reduced by GABAergic transmission to the same level exhibited by
cultures with higher ratios of glutamatergic to GABAergic cells. The
differences in the dependence of hiPSC-derived neuronal spike
activity on GABAergic signaling may emerge during the develop-
ment of the neuronal networks in the cultures.

In conclusion, we demonstrated the robustness of developing
hiPSC-derived neuronal networks under diverse excitatory condi-
tions. Culture systems consisting of hiPSC-derived neurons have
been widely used as models to replicate human brain networks and
in drug discovery screening and toxicity testing [1,2]. One of the
most critical factors in this applied research is minimization of the
variability of activity patterns across different samples. In this
sense, our results demonstrate that differences in the ratio of glu-
tamatergic to GABAergic cells in such cultures do not strongly affect
inter-sample variability in hiPSC-derived neuronal cultures. Further
studies are needed to determine whether other types of hiPSC-
derived neurons such as dopaminergic cells [17,18] display similar
homeostatic properties during development in culture systems.
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