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Abstract: Macroscopic axonal connections in the human brain distribute information and neuronal
activity across the brain. Although brain organoid technologies have recently provided novel
avenues to investigate human brain function by replicating small neuronal networks of the brain
in vitro, functionality of the macroscopic connections between distant regions has not been
investigated with organoids. Here, we describe the neural activity of human cerebral organoids
reciprocally connected by a bundle of axons. The connected organoids produced significantly more
intense and complex oscillatory activity than conventional cerebral organoids. Optogenetic
manipulations revealed that the connected organoids could respond to external stimuli and
maintain the elevated frequency of neuronal activity for a short term, indicating that the connected
organoids exhibit plasticity as a neuronal network. Our findings highlight functional importance
of inter-regional connections and suggest that connected organoids can be used as a powerful tool
for investigating the development and functions of macroscopic circuits in the human brain. can
allow researchers to develop and test compounds to modulate activity of in vitro neuronal network
models in unprecedented ways.

Introduction

Organoid technologies have attracted increasing attention due to their unprecedented potential for
modeling human organs in vitro . In vivo-like differentiation and self-organization can be
achieved in organoids by mimicking in vivo development with growth factors and morphogens
applied at appropriate timepoints and dosages. Organoids are expected to significantly promote
neuroscience research, given the difficulties of investigating human brains noninvasively.
Organoids that model brain regions including the cerebral cortex, thalamus, cerebellum,
hippocampus, and choroid plexus have been reported +!° and offer new platforms to investigate
these human brain regions in vitro. Brain organoids mimics structural and cellular characteristics
of human brain development. They have been demonstrated to be competent research models for
brain disorders including developmental and infectious disorders %12,

In addition to the structural and morphological similarities between organoids and the developing

human brain, brain organoids have been used to model of human brain activity. Notably, recent

studies have demonstrated that cerebral organoids exhibit robust oscillatory neuronal activity '3.
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Cerebral organoids cultured for over 6 months begin to show oscillatory waves that resemble
electroencephalography (EEG) activity patterns (delta band activity) of the preterm neonatal
human brains. Further extension of the culture duration does not increase the complexity of neural
activity 3, indicating that modeling the development of the brain with conventional organoids is
intrinsically limited.

A key feature of the brain is the presence of macroscopic connections that bridge distant brain
regions. Local circuitries in separated regions are interconnected by axons extended from one
region to another, which enables a whole brain to function coordinately. The functionally and
structurally distinct regions of the brain are often interconnected by reciprocal axonal projections
that conduct action potentials '*!° enabling information processing across multiple regions and
subsequently higher cognitive function. Notably, individual organoids can only precisely model
small regions of the brain; however, interactions between adjacent brain regions have been
successfully modeled by fusing organoids that model two distinct brain regions '6. Therefore,
models involving macroscopic axonal connections between distant regions, e.g., interconnected
cortical areas positioned far apart, are required to advance brain organoid research. An ‘organoids-
on-a-chip’ model of cerebral tracts has been generated by letting two cerebral organoids extend
axons reciprocally in a ‘handshake’ manner to form a connection via a bundle of axons, similar to
what occurs in the developing brain 7. In this model, a microfluidic compartment regulates the
direction and assembly of growing axons, resulting in the formation of a thick axon bundle that
connects two cerebral organoids. We hypothesized that these ‘connected organoids’ effectively
model the axonal connections between physically distant brain regions by recapitulating the
fundamental principles of macroscopic circuits and information processing. To test this hypothesis,
we analyzed neuronal activity of the connected organoids generated from human induced
pluripotent stem (iPS) cells on a multielectrode array and compared with single organoids and
fused organoids. We observed highly complex activity in the connected organoids characterized
by intense and irregular delta (0.5-4 Hz) and theta (4-8 Hz) components after culture for a
relatively short-term duration (7-8 weeks). Optogenetic inhibition of neuronal activity of the axons
between the organoids revealed that the connections between the organoids were critical for
generating this complex activity. The activity of the connected organoids adapted to the temporal
frequency of external stimulation, and activity was sustained at an elevated frequency after
stimulation was terminated. Such adaptation of activity to temporal stimulation patterns required
an induction delay for a few tens of seconds for the first stimulation event. Furthermore, the
connected organoids regained the temporal patterns with a significantly reduced (less than ten
seconds) when repeated stimulation was applied within a short time, indicating that the connected
organoids exhibited short-term potentiation as an assembled macroscopic circuit. Thus, our
findings highlight axonal connections between organoids significantly enhance functionality of
cerebral organoids and support the importance of macroscopic connections within the brain, and
the connected cerebral organoids as a promising tool to model macroscopic connections in
functional neural circuits.

Results and Discussion

Reciprocally Connected Cerebral Organoids Cultured on a PDMS-MEA Chip Show
Complex Neuronal Activity

To model the simplest type of macroscopic neural circuit, two regions connected by reciprocally
projecting axons, we cultured a pair of human iPS cell-derived cerebral organoids in a microfluidic
culture chip (Fig. 1A and B). The chip (PDMS-MEA chip) consisted of a multielectrode array
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(MEA) layer for recording neural activity, polydimethylsiloxane (PDMS) microfluidic layer for
generating the connected organoids, medium reservoir ring for holding medium, and lid. The
PDMS layer contained two holes, each of which received a cerebral organoid. The two holes were
connected by a channel that provided spatial guidance for axons to reciprocally target the organoid
at the opposite end of the channel. After 4 weeks of differentiation of cerebral organoids from
human iPS cells, differentiation was confirmed by immunostaining and RT-PCR (Fig. 1C and D).
Then they were introduced into the holes of the PDMS-MEA chip. Within 6 weeks, the two
cerebral organoids were connected through an axon bundle in the chip (2 weeks in the chip, Fig.
1E and Fig. S1). The thickness of the axon bundle was approximately 75 um after 6 weeks of
differentiation and 120 um after 8 weeks of differentiation (Fig. 1F). To assess ratio of excitatory
and inhibitory neurons within the organoids, we performed immunostaining. vGlutl-positive
excitatory neurons and GAD67-positive inhibitory neurons comprised approximately 70% and 5—
10% of cells in the organoids, respectively (Fig. 1G). The percentage of inhibitory neurons was
lower than that of adult human brain (20-30%) '8, but comparable to mid-term human embryonic
brains. Subcortical layers were observed in the connected organoids (Fig. 1H). These results
indicate that the organoids mimicked developmental brain processes as they formed reciprocal
axonal connections.

Electrodes within the MEA layer positioned under the two organoids captured neuronal
activity (Fig. 1B, I). Action potential spikes and local field potentials (LFPs) were extracted by a
high-frequency filter and a low-frequency filter, respectively, and assessed the time-course
development. After 4.5-5 weeks of culture since starting differentiation (0.5-1 week of culture in
the chip), electrical field potential was detected from the two cerebral organoids (Fig. 1J). At this
stage, the activity of the two cerebral organoids was not synchronized, which was consistent with
the lack of axonal connections between the organoids at this timepoint. At 5.5-6 weeks (1.5-2
weeks of culture in the chip), synchronized burst-like activity was observed (Fig. 1K). The upsurge
and synchronization of this activity coincided with the physical connectivity of the organoids via
an axon bundle. From 5 to 7 weeks of culture, neural activity became more synchronized, and
more frequent burst-like activity was observed (Fig. 1L and M). Notably, a small temporal shift
(around or less than 100 ms) between signals from the connected organoids was observed (Fig.
10 and N), suggesting that spontaneous neural activity was initiated in one organoid and
propagated to the other organoid through the axon bundle. The two organoids alternated in their
ability to initiate signal propagation, indicating that the connections were functionally bidirectional.

Complex Neuronal Activity was Induced by Axonal Connections Between Cerebral
Organoids

Next, we characterized developmental time-course of neuronal activity of the connected
organoids. At 6 weeks (2 weeks of culture in the chip), slow LFP signals that had been absent at
4.5-5 weeks (prior to the establishment of axonal connections) were observed in the connected
organoids (Fig. 2A). Clustered action potentials of multiple neurons are known to produce low-
frequency LFP patterns in a coordinated manner !°. Consistently, after another week of culture in
the chip (7 weeks of culture in total), the LFP patterns of the connected organoids became more
complex, and intense activity in the delta frequency band (0.5-4 Hz) emerged (Fig. 2A and B),
which indicates that coordinated ensemble of neuronal activity was developed. The intense and
complex activity of the connected organoids at this relatively early stage was unexpected
considering a previous report in which cerebral organoids exhibited delta band activity after culture
for a few months 12,

(98]
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We thus compared the neuronal activity of our ‘connected’ organoids with that of
conventional cerebral organoids (‘single’ organoids). Since the connected organoids contained
approximately twice the number of cells, we also assessed the activity of tissues generated by
directly fusing two cerebral organoids (‘fused’ organoids) as an additional control (Fig. 2C and
Fig. S2). Two organoids were cultured together in a low-adhesion surface culture vessel to
facilitate their spontaneous fusion. After 6 weeks of culture, oscillatory activity was detected in all
the organoids (Fig. 2C). The burst-like activity was more frequent in the fused organoids than in
the single organoids (Fig. 2C), suggesting that the total number of neurons in the organoids
influenced neural activity. Notably, the connected organoids exhibited significantly more frequent
burst-like activity than the single or fused organoids, although the numbers of neurons in the fused
and connected organoids were comparable (Fig. 2D). These findings suggested that axonal
connections between organoids strongly enhanced neural activity in the cerebral organoids.

Due to architectural significance of the axon bundle, we hypothesized that axon conduction
delay mainly contributes to the induction of neuronal activity of the connected organoids. The
signal propagation velocity between the fused organoids was significantly less than that within a
single organoid, whereas the signal propagation velocity between the connected organoids was
faster than that within a single organoid (Fig. S2). The lag in signal propagation between organoids
was significantly higher in the fused organoids than in the connected organoids (Fig. S2). The
axonal length did not alter the signal propagation velocity (Fig. S3), indicating that the synaptic
connections within the organoids, instead of axon conduction delay, determined the signal
propagation velocity. These results suggested that axonal connections served as a signaling
‘highway’ between the connected organoids and facilitated neuronal activity.

We then compared the neuronal activity of the single, fused, and connected organoids more
detail in different frequency bands. The connected organoids exhibited significantly richer activity
in the delta frequency band (0.5—4 Hz) than the single or fused organoids (Fig. 2E). To quantify
the complexity of the temporal pattern of the neuronal activity in a different way, we assessed the
periodicity of burst-like activity from the organoids. The coefficient of variance (CV) of burst-like
events was significantly higher in the connected organoids than in the single or fused organoids
after culturing more than 6 weeks (Fig. 2F), indicating that burst-like events were significantly
less periodic and more intricate in the connected organoids than in the single or fused organoids.
Specifically, the CV increased consistently over 9 weeks of culture in the connected organoids but
did not change significantly in the single organoids or the fused organoids during this culture
period. The fused organoids exhibited more frequent burst activity than the single organoids,
consistent with their size (Fig. 2G), presumably due to the higher total numbers of cells and
synapses within the assembled organoids. Strikingly, the connected organoids exhibited burst-like
activity at a higher frequency than the single or fused organoids regardless of their size. These
results suggested that the connected organoids recapitulated more complex neural circuits than the
single or fused organoids and that the reciprocal connections induced complex activity in the
cerebral organoids.

Optogenetic Inhibition of Axon Bundles Between Connected Organoids

To test whether the axonal connections were critical for the complex activity of the connected
organoids, we inhibited transmission through the axon bundle between the organoids with various
approaches. Physically severing the axon bundle between organoids disrupted the burst-like events
and LFP patterns in the delta band, highlighting the importance of the inter-organoid axonal
connections for generating complex neuronal oscillatory activity patterns in the organoids (Fig.
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S4). To further assess the role of the axonal connections between the organoids, we modified the
microfluidic chip to allow us to optogenetically inhibit the axon bundle between the organoids
(Fig. 2H and Fig. S5). To achieve light-dependent inhibition of neuronal activity of the organoids,
ArchT, an orange light-dependent outward proton pump 2°, was expressed in organoids by
infecting the organoids with an adeno-associated virus (AAV) vector before placing them in the
PDMS-MEA chip. With an optic fiber and a PDMS lens, light was used to suppress neuronal
activity in only the axon bundle in the microchannel. [llumination of the axon bundle with orange
light (20 ms, 20 Hz for 5 min) robustly suppressed neuronal activity in the connected organoids,
resulting in loss of high-amplitude burst-like events and low-frequency delta-LFP patterns under
illumination (Fig. 2I). This finding suggested that action potentials traveling through the axon
bundle induced burst-like activity in the connected organoids. Upon cessation of illumination, the
burst-like activity and delta-LFP patterns were immediately restored. These light-induced
responses were repeatedly observed after light exposure. The frequency of spontaneous burst-like
events did not change after light exposure, suggesting that intrinsic internal circuit properties
determined the frequency of the spontaneous burst-like activity.

Notably, the coherence and synchronicity of the signals from the two connected organoids
were significantly degraded during light exposure (Fig. 2J and K). Indeed, optogenetic
disconnection of the two organoids significantly suppressed the overall intensity of neural activity,
potentially mimicking the effects of surgical treatments for refractory epilepsy patients 2, While
burst-like events disappeared upon optogenetic inhibition of inter-organoid axons, the number of
observed action potentials increased (Fig. 2. and M). This demonstrated that inter-organoid axons
contributed to burst-like activity by temporally orchestrating and aggregating the activity of
individual neurons within the two connected organoids. These results indicated that activity
transmitted via the inter-organoid axon bundle underpinned complex neuronal activity in the
connected organoids, consistent with the importance of macroscopic connections in the brain.

Phase-Amplitude Coupling in the Connected Organoids

Extension of the culture period to 8 weeks resulted in a further increase in LFP frequency and
action potential spikes of the connected organoids (Fig. S6A). The complexity of the signals also
increased, and rich theta band activity was observed (Fig. 2N). The representative plot depicts a
strong association of gamma activity with delta and theta activity. To examine the relationship
between low-frequency activity and the amplitude of high-frequency spikes, phase-amplitude
coupling (PAC), an established method to assess the relationship between complex EEG
recordings in distinct frequency bands, was calculated 2*?*. Within the burst-like oscillatory
activity, LFP waves in the delta and theta bands coordinated with synchronized bursts of activity
in the gamma band emerged (Fig. 2N and O). Delta-gamma PAC modulation of the connected
organoids increased with culture time, followed by an increase in theta-gamma PAC modulation
(Fig. 2P). Modulation index of both delta-gamma and theta-gamma in the connected organoids
were significantly higher than those of the single or fused organoids (Fig. 2Q). Examination of
each interconnected organoid in a pair revealed that delta-gamma PAC and theta-gamma PAC
exhibited high modulation (intra-organoid PAC). The PAC between the organoids connected by
the axon bundle (inter-organoid PAC) of both delta-gamma and theta-gamma modulations was
higher than the intra-organoid PAC (Fig. 2R), indicating robust communication between the two
organoids in the delta and theta bands. The correlated activity between the two organoids was
validated using calcium imaging methods (Fig. S7 and Movie S1).

Next, to understand complexity of neuronal activity at the level of single spikes, we examined
5
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the neuronal avalanches of signals recorded from the connected organoids (Fig. S8A). Trains of
temporally proximal signals that are no more than 2 ms apart across the electrodes were grouped
and quantified as neuronal avalanches. Power law exponents of neuronal avalanches are
considered a scale-free index of network critical dynamics 2>%6. Avalanche size distributions
increased over time as the connected organoids were cultured. At 5 weeks, the connected organoids
exhibited an exponent of a = —2.8 (Fig. S8B). As the organoids grew axons in the channel and
formed connections, the exponent increased to —2.1. At 8.5 weeks, the exponent became o =—1.6,
which approximated the theoretical exponent of —3/2 in the critical branching process 2>26. We
then examined the observed frequency of neuronal avalanches by pattern recognition using a
hidden Markov model, which revealed that patterns of action potentials from the organoids in the
chip increased over the culture time (Fig. S8C).

Balanced Synaptic Receptors Underly the Complex Activity of the Connected Organoids

To investigate contribution of different types of synaptic receptors to the complex activity of
the connected organoids, the connected organoids were treated with CNQX, APV, and bicuculline,
antagonists of the major synaptic channels NMDA, AMPA, and GABA, respectively. No change
in signal propagation speed was observed upon treatment with the antagonists (Fig. S9). However,
the antagonists affected neuronal activity, as observed through action potential spikes and burst-
like events (Fig. S8D-G). As expected, CNQX and APV decreased neuronal activity, delta-gamma
PAC, and theta-gamma PAC in the connected organoids, suggesting that excitatory synaptic
transmission played a critical role in driving complex activity in the connected organoids. Spiking
activity was significantly increased, whereas the number of burst-like events remained unchanged
following bicuculline treatment. However, the burst-like events became weaker following
bicuculline treatment, suggesting that inhibitory synapses were critical for generating oscillatory
activity in the connected organoids.

Next, we tested the effects of clinical compounds that function through modulating neuronal
activities. Treatment with the GABA agonists baclofen and diazepam decreased the number of
spikes, in accordance with the results obtained following treatment with bicuculline, which
increased spiking activity. Treatment with an antipsychotic clozapine slightly decreased neuronal
activity but did not alter PAC properties. Treatment with an opioid buprenorphine specifically
decreased theta-gamma PAC, indicating that buprenorphine affected the coordination of activity
in different frequency bands in the connected organoids. These results highlight the potential of
using connected organoids to test the effects of compounds on complex activity.

Short-term Facilitation Was Induced by Optogenetic Stimulation in the Connected
Organoids

To characterize evoked responses of the connected organoids to external stimulations, we
again employed an optogenetic approach. After expressing channelrhodopsin in the connected
organoids, we stimulated the axons with pacing illumination (470 nm) at 0.5 Hz for 5 min, 1.0 Hz
for 5 min, followed by 1.5 Hz for 5 min (Fig. 3A). Stimulation increased burst-like events in
accordance with the temporal pattern of stimulation. After cessation of stimulation, the frequency
of the burst-like events was sustained at a high level for more than 10 min but then returned to the
prestimulation frequency (Fig. 3B, C). This sustained echo-like activity indicated that the temporal
activity patterns of the connected organoids could be modulated by external stimulation and
sustained for a certain period, highlighting the plasticity and capability of the connected organoids
as a neuronal network. Notably, the induction of burst-like events occurred with a delay after the

6
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stimulation commenced (Fig. 3C), suggesting that multiple stimulation events were necessary to
modulate the activity of the connected organoids. During this delay, the neuronal avalanches were
extended in duration as the connected organoids were periodically stimulated (Fig. 3D), suggesting
that the neurons in the connected organoids slowly adapted to the stimuli and established
functional subcircuits before the connected organoids apparently followed the temporal patterns
of external stimulation.

Next, we examined the effects of repeated sessions of periodic optogenetic stimulation on the
activity of the connected organoids. Repeated activation of neurons (‘rehearsal’) is known to
maintain short-term memory in the human brain 2’. Repeated stimulation resulted in echo-like
activity after cessation of stimulation (20 min stimulation, Fig. 3E and F), while sustained activity
was not observed with weak stimulation (5 min stimulation). Notably, the lag before the connected
organoids adapted to the external stimulus was significantly shorter on the second and third
attempts than on the first (Fig. 3G). This was observed only if the connected organoids were
stimulated for 20 min, but not for 5 min. This indicated that the connected organoids were
potentiated upon the first stimulation event and quickly regain the temporal pattern by adopting to
the repeated stimulation.

Neuronal plasticity and memory are regulated by synaptic plasticity through diverse molecular
programs, including calcium-dependent signaling pathways and local protein synthesis, essential
for early and late phase of the response, respectively (refs). To probe the mechanisms underlying
potentiation in the connected organoids, we treated the organoids with K252a, an inhibitor of the
key calcium signaling protein CaM kinase II, and anisomycin, an inhibitor of protein synthesis,
during the optogenetic stimulation experiment (Fig. 3H). The connected organoids responded to
optical stimulation, and echo-like sustained activity after stimulation was observed upon treatment
with K252a or anisomycin. The sustained period of poststimulation echo-like activity significantly
decreased in the presence of K252a after the second and third stimulation events (Fig. 3I). In
contrast, anisomycin treatment resulted in a slight decrease in echo-like activity after only the third
stimulation event. After the second stimulation, K252a treatment inhibited the shortening of the
lag between the start of stimulation and the response of the connected organoids compared to that
of the control (Fig. 3J). These results indicated that calcium-dependent signaling pathways
underpin the short-term potentiation observed in our experiments.

Neuronal avalanches also decreased in number with K252a treatment (Fig. 3K). During light
exposure, the number of hidden patterns in neuronal avalanches decreased compared to that in the
light-off period (Fig. 3L and Fig. S10). Notably, the number of hidden patterns gradually
increased with repeated stimulation. Anisomycin treatment prevented the extension of hidden
patterns for neuronal avalanches during the light-off period, suggesting that mechanisms of long-
term potentiation were activated in the connected organoids.

Next, to examine the underlying variability and complexity of the activity of the connected
organoids that are treated with K252a, anisomycin, or control, Higuchi’s fractal dimension (FD),
which is utilized as an indicator of the complexity of EEG signals, was calculated ?%. In the control,
the FD increased after light stimulation ceased in the first stimulation event, and the elevated FD
was preserved regardless of the second or the third light exposure (Fig. 3M and N). In the presence
of K252a, FD did not increase in the first attempt but increased after light stimulation in the second
attempt, and this increase was preserved in the third attempt, indicating that K252a treatment
perturbed potentiation through complex network activity. In contrast, FD was not altered by light
stimulation in the presence of anisomycin which elevated the FD baseline level with an unknown

7
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mechanism.

To assess temporal neuronal activity within burst-like activity, we sorted and aligned the
evoked activity (Fig. S10A). Closer examination revealed that optogenetic stimulation events
triggered multiple waves of neuronal activity within the evoked burst-like events. The latency of
the burst-like events decreased with repeated rehearsal stimulation in the control (Fig. S10B). Such
a decrease in activity was observed with anisomycin treatment but not in the presence of K252a.
To dissect the evoked responses in further detail, we calculated the evoked burst probability
histogram by kernel density estimation (Fig. S10C and D), which revealed that the first rise of the
peak occurred earlier with repeated stimulation. Furthermore, the stimulation triggered secondary
and tertiary waves of activity more than 200 ms after the primary response, and these waves of
activity became more intense after repeated stimulation (Fig. S10C and D). Secondary waves were
also observed with K252a or anisomycin treatment. Notably, two organoids interconnected via an
axon bundle often responded to light exposure with slightly shifted kinetics (Fig. S10E). The
secondary and tertiary waves of the evoked burst responses were found to alternate in the two
connected organoids (Fig. S10E). These results suggested that the activity in the connected
organoids was generated by a complex ensemble of activity in the two organoids. To quantify the
divergence of the evoked activity, we evaluated the entropy of waveforms of the burst-like events
from organoids treated with K252a or anisomycin and control organoids (Fig. 30). Repeated
stimulation increased the entropy of the evoked burst-like events; however, this effect was
inhibited by K252a treatment, but not with anisomycin.

In conclusion, we demonstrate that connected cerebral organoids generate spontaneous high-
frequency oscillations and are capable of exhibit plasticity. This indicate that inter-regional
connections benefit functionality of neuronal circuits, and thus the importance of the inter-regional
connections as fundamental architectural motif for the brain is recapitulated in the organoids-on-
a-chip model. This system may facilitate the elucidation of human brain development and function
from both physiological and pathological perspectives. To the best of our knowledge, the findings
of this study provide the first evidence that cerebral organoids have capability to process and
respond to external stimulation with variable short-term potentiation with repeated attempts.
Currently, connected organoids can recapitulate only the primary response in signal processing.
Further experiments such as connecting different regions of brain organoids and/or connecting
more than two organoids via axon bundles will establish novel avenues for understanding the
human brain. The results of such experiments would not only allow us to utilize this tissue model
in biology but also provide insight into the development of novel algorithms in information
processing.

Materials and Methods
Institutional Approval and Ethics

The use of human 1PS cells was approved by Institute of Industrial Science, The University
of Tokyo. The human iPS cells were handled in accordance with approved protocols.

Experimental Design
Human iPS Cells

Human 1PS cells were obtained from the Riken Cell Bank (409B2, HPS0076). The cells
were maintained on ESC-qualified Matrigel-coated 6-well plates in mTeSR plus medium
8
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(STEMCELL Technologies) with 10 uM Y-23632 (only for the initial 24 hours; Wako) and
subcultured every 57 days using ReLeSR reagent (STEMCELL Technologies).

Statistical Analysis

The reported values are the means of a minimum of three independent experiments. Data are
presented as the mean = SD. Comparisons were performed using one-way analysis of variance
(ANOVA), with post hoc pairwise comparisons carried out using the Tukey-Kramer method.
Statistical tests were performed using GraphPad Prism.
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Fig. 1. Formation and characterization of the connected organoids in a PDMS-MEA chip

(A) Schematic showing preparation of the connected cerebral organoids on a PDMS-MEA chip.
One cerebral organoid was introduced into each of two chambers bridged by a microchannel in a
chip. (B) The PDMS-MEA chip consisted of an MEA probe, patterned PDMS, a glass reservoir
ring, and a PDMS lid (i, ii). Sixteen electrodes (in a four-by-four array) were located underneath
each organoid (ii1). (C) Representative internal structures after 4 and 8 weeks of culture. Scale bar:
150 pum. (D) Gene expression profiles in cerebral organoids from 2 to 10 weeks of culture.
Normalized to GAPDH. (E) Axons projected from one organoid to another in 5 weeks, and thick
axon bundles were formed by 6 weeks. (F) Axon bundle thickness over time. n = 6. (G) The
proportions of excitatory neurons, inhibitory neurons and other neurons in the organoids. n = 3.
(H) Immunohistochemical analyses revealed layers of different cell types within the connected
organoids after 8 weeks of culture. Immunoreactivity against PAX6 and CTIP2 indicates the
proliferative layer and cortical sublayer, respectively. (I) Recording of neuronal activity from the
connected organoids in the chip. Raw analog signals from the electrodes were amplified and
converted to digital signals (16 bit) at a 20-kHz sampling rate. Then, the signal was processed with
a 300-3,000-Hz bandpass filter or a 1,000-Hz low-pass filter for spike analysis or local field
potential (LFP) analysis, respectively. (J) Representative images of connected organoids after 5
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weeks of culture. Scale bar: 1 mm (i). Filtered signals from four representative electrodes under
each organoid (i1). Wavelet coherence between signals from an electrode under one organoid and
another electrode under the other connected organoid (ii1). (K) Representative images of the
connected organoids after 5.5 weeks of culture. Scale bar: 1 mm (i). Synchronized burst-like
activity associated with dense spikes was observed from multiple electrodes (ii). Wavelet
coherence indicated a strong correlation between the two connected organoids (iii). (N)
Synchronicity of activity in the two connected organoids increased during the culture period. (M)
Burst frequency increased significantly with culture time. (N) Magnified view of the plot of
neuronal activity of the two connected organoids. Synchronized burst activity was observed with
a delay. (O) Burst delay after different culture periods. n = 20. *p<0.05, **p<0.01; one-way
ANOVA. Error bars indicate the SD.
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Fig. 2. Reciprocal connections through bundled axons generate complex neuronal activity

(A) LFP signals were extracted from the 0.2-0.5-Hz, 0.5-4-Hz (delta), and 30-300-Hz (gamma)
bands by inverse continuous wavelet transformation. At 8 weeks, the connected organoids
generated slow-wave oscillations in the 0.5-4-Hz (delta) band. (B) Integral of power in wavelength
5 bands. (C) Representative neuronal activity of the connected, single, and fused organoids. (D)
Burst frequency of the connected, single, and fused organoids. n = 10. (E) Inverse continuous
wavelet transformation in the 0.2-0.5-Hz, 0.5—4-Hz (delta), and 30-300-Hz (gamma) bands. Delta
band oscillations were observed in the connected organoids but not in the single or fused organoids.
(F) Interevent interval coefficient of variance among the three types of organoids. (G) Relationship
10  between organoid volume and mean inter-burst frequency. (H) Setup for optogenetic inhibition of
the synaptic interactions between two connected organoids via the inter-organoid axon bundle. (I)
LFP and raster plot of the two connected organoids with and without light illumination. (J) Wavelet
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coherence revealed that slow-wave oscillations disappeared during light illumination, indicating
the absence of inter-organoid correlated activity during light exposure. n = 8. (K) Inter-organoid
synchronicity measured by delta phase-delta phase coupling was significant decreased during light
illumination. (L) Light-induced inhibition of the axon bundle suppressed overall burst-like events.
(M) The total number of action potential spikes over 5 min was quantified. Light exposure
significantly increased isolated spikes. (N) Raw LFP plot from four electrodes of each of the
connected organoids at 9 weeks. (O) Wavelet coherence between the two organoids showed
synchronous activity in the theta band frequency. (P) Modulation index of phase-amplitude
coupling in delta-phase/gamma-power and theta-phase/gamma-power of the connected organoids
10  cultured for 5, 7, and 9 weeks. (Q) Delta-phase/gamma-power and theta-phase/gamma-power PAC
modulation index of single, fused, and connected organoids. (R) Intra- or inter-organoid PAC
modulation index in the connected organoids. *p<0.05, **p<0.01; one-way ANOVA. Error bars
indicate the SD.
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Fig. 3. Potentiation of the connected organoids

(A) Optogenetic simulation of the axon bundle with a 470-nm laser drove synchronized burst
activity at frequencies of 0.5, 1, and 1.5 Hz. The effect of stimulation persisted after cessation of
illumination but did not persist 6 hours later. (B, C) Burst frequency was modulated by optical
5  stimulation. The burst frequency followed the stimulation frequency after a significant delay. (D)
Log plot of neuronal avalanche size and probability before, during, and after stimulation. (E) Time
course of burst frequency with 1-Hz stimulation for 20 min (1) or 5 min (i1) every hour. (F) Duration
until the burst frequency decreased to 75% of the maximum burst frequency after cessation of light
stimulation. (G) The delay from the start of light stimulation to the induction of burst frequency
10  was significantly reduced during the second and third attempts compared to that during the first
attempt when the connected organoids were stimulated for 20 min. (H) Time series of burst
frequency in the presence of K252a or anisomycin. (I) Duration of sustained activity of the
connected organoids during treatment with the compounds. (J) Delay in the presence of K252a
and anisomycin. (K) The number of hidden patterns in neuronal avalanches when treated with
15 K252a or anisomycin. (L) Probability slope of neuronal avalanches. K252a treatment, but not
anisomycin treatment, led to a decreased probability of neuronal avalanches. (M, N) FDs of the
LFP signal. FDs increased after cessation of light stimulation during the first attempt under control
conditions and during the second attempt upon K252a treatment. (O) Quantification of the
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diversity by calculating the entropy of burst PCA. n = 3. *p<0.05, **p<0.01; one-way ANOVA.
Error bars indicate the SD.
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