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Supplementary Methods
In silico model of connected organoids

In silico simulations of neuronal activity in connected organoids were performed based on Hodgkin-
Huxley formalism' running on MATLAB. Briefly, two types of cortical neurons, regular spiking neurons (RS)
and fast spiking neurons (FS)?, were used as excitatory neurons and inhibitory neurons respectively. Please refer
to the previous work for a detailed description of the mathematical implementation and parameters”. As creating
simplest model, one single organoid structure consists in 90 RS and 10 FS (100 neurons in a total), and two types
of neurons were randomly distributed to the circle shape (diameter: 138.25 pm). RS ad FS were connected using
AMPA and GABA synapses®. All synapses inside an organoid share the same synaptic weight (0.05) and
connection probability (0.10). In addition to intra-organoid connection, in fused organoid and connected organoid
model, two organoids were connected as inter-organoid connection with a different synaptic weight (0.1) and
probability (0.05). In fused organoids, synaptic connection probability between organoids was proportional to the
distance between 2 neurons, promoting connection for neurons on the edge facing the opposite organoid. In
connected organoid, synaptic connection probability was determined by the position of each neuron to its
belonging organoid to maximize connection for neurons on the outside of the organoid. Spontaneous activity was
tuned through the synaptic noise parameters* following an Ornstein-Uhlenbeck process. Spikes were detected
above a certain threshold (0 mV).

Whole cell patch clamp recordings

To characterize the electrophysiological property of neurons in connected organoid after 8.5 weeks from
differentiation, whole-cell patch-clamp recording was performed. Connected organoids were formed in thin
PDMS device (< 1 mm) without MEA probe so that the patch pipettes can access the neurons in the connected
organoids (Fig. S2A). Whole-cell patch-clamp recordings were obtained from individual cells with glass pipettes
(4-9 MQ) filled with internal solution containing 130 mM potassium gluconate, § mM KCI, 1 mM MgCl,, 0.6
mM EGTA, 10 mM HEPES, 3 mM Na>ATP, 0.5 mM NaxGTP, 10 mM Tris—phosphocreatine, and 0.2% biocytin
(with pH adjusted to 7.35 with KOH). During recordings, warm brainphys medium was continuously perfused
into the culture dish at the rate of 2.0 ml/min to maintain the organoid at 37°C. Recordings were performed using
MultiClamp700B amplifiers (Molecular Devices), filtered at 3 kHz using a Bessel filter and digitized at 20 kHz
with Digidata 1550B digitizer (Molecular Devices) with pClamp software. In order to characterize membrane
potential change responded by the injection of current, hyperpolarizing and depolarizing square wave current
pulses were injected with target neurons (—10 to +20 pA, +2 pA increment, 1 s, Fig. S2C, D). Also, spontaneous
action potential was recorded (Fig. S2E). 13 individual neurons from two connected organoids in total were
recorded and 6 neurons were further analyzed for current injection. All recording data sets were shown in the
table (Fig. S2B). The quantification was implemented using the MATLAB and Origin Pro. After the recordings,
connected organoids were fixed and permeabilized with 4% paraformaldehyde and 0.2% TritonX-100, and
subsequently stained with Alexa Fluor 647 Streptavidin (Thermo Fisher, S21374, 1:500) to detect biocytin to
visualize the recorded neurons.

scRNA-seq and data processing
Single, fused, and connected organoid at 7 weeks of culture on PDMS-MEA chip were first extracted
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from PDMS device in warmed maintenance medium and centrifuged at 100 xg for 30 seconds. To get single-cell
suspensions, the organoids were dissociated by AccuMax for 10-30 min at 37°C and then centrifuged 200 xg for
5 min. Then, the pelleted cells were re-suspended in DMEM containing 10% FBS to be subjected to 10x Genomics
Chromium single-cell RNA-seq library preparation, according to the manufacturer’s protocol. Finally, the library
was sequencing with 150-bp paired-end reads on DNBSEQ. The sequencing data were processed using Cell
Ranger analysis pipeline v3 with default parameters. Reads were aligned to human reference genome (GRCh38).
Cell Ranger output “filtered gene-barcoded” count matrix was loaded into Scanpy with other python packages
(scanpy==1.8.1 anndata==0.7.6 umap==0.5.1 numpy==1.19.5 scipy==1.4.1 pandas==1.1.5 scikit-
learn==0.22.2.post1 statsmodels==0.10.2 python-igraph==0.9.6 pynndescent==0.5.4) for downstream analysis°.
Poor-quality cells were excluded based on the following criterion: min_genes > 200 and min_cells < 3,
mitochondrial gene percentage < 10%, and nFeatures <4000. Cells with percentage of hemoglobin reads > 5%
were discarded. In total, 17,636 cells remained for subsequent analysis. Batch effect correction was performed.

To reduce the dimension of data, principal component analysis (PCA) was performed with Scanpy. UMAP
was employed for visualization of the clustered data.

Simultaneous Ca?" imaging with customized microscopes

To visualize neuronal activity by fluorescent, Ca*" indicator (GCaMP6f driven by CAG promoter) were
transfected by using AAV1. pAAV.CAG.GCaMP6f. WPRE.SV40 which was a gift from Douglas Kim & GENIE
Project (Addgene #100836). Briefly, the AAV was added to the medium of the connected organoids in the device
before at least 3 days of measurement. The organoids were exposed to the AAV for 6-12 hours. Maintenance
medium was replaced with BrainPhys supplemented with 2% (v/v) B27 supplement with vitamin A, 1% (v/v)
GlutaMax, 20 ng/ml BDNF, and 1%(v/v) Penicillin/Streptomycin before 30 min of measurement. The
configuration of the microscopes was described in Fig. S10. The connected organoids were too far to be imaged
by a single microscope with high resolution, but too close to be imaged with two inverted microscopes. We
combined an inverted microscope with an upright microscope, whose optical axes were slightly shifted to image
organoids from top or bottom independently. The brightfield lamp and condenser were removed from the inverted
microscope to accommodate the upright microscope integration. The relative position of the microscopes can be
shifted with a stage under the inverted microscope. The upright microscope was also used in combination with
electrical recordings with MED64. Time-lapse images were captured at least at a frame rate of 20 fps for 10 min
using ORCA Flash (Hamamatsu) or NF300 (Wraymer). Data analysis was carried out using MATLAB
(MathWorks). Regions of interest (ROIs) were manually drawn around the cell body of neurons in organoids. For
each ROI time series, baseline fluorescence was defined as the average of the lowest 10% of samples. AF/F was
computed as (F —F0)/F0 x 100, where F is the instantaneous fluorescence from the raw ROI time series.

Knock-in for GFP, mCherry, and Brainbow human iPS cells

To visualize axonal outgrowth and neurons in organoid with multiple fluorescence, GFP, mCherry, or
Brainbow fluorescent protein were stably expressed in the human iPS cells. GFP, mCherry, or Brainbow sequence
was inserted to the AAVS1 safe harbor locus. 5 pg of PX458-AAVS]1 plasmid and 5 pg of AAVS1-Pur-CAG-
EGFP plasmid® or 5 ug of AAVS1-Pur-CAG-mCherry plasmid ¢ or AAVS1-Pur-CAG-Brainbow TEC were mixed
with 1x10° human iPS cells in 100 pL of Opti-MEM. The plasmid-cell mixture was transferred to a NEPA cuvette
(EC-002S) and electroporated by a NEPA21 electroporator (Poring plus: voltage:125V, pulse length: 5 msec,
pulse: 50 msec; number of pulses: 2, decay rate 10%. Transfer pulse: voltage: 20V, pulse length: 50 msec, pulse:
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50 msec; number of pulses: 2, decay rate 40%). The electroporated iPS cells were seeded onto Matrigel-coated
plate in mTeSR plus with 10 uM of Y-23632. After 24 h, transfected iPS cells were selected by 0.75 pg/ml
puromycin treatment for 2 days. The cells were then expanded. PX458-AAVS1, AAVS1-Pur-CAG-EGFP, and
AAVS1-Pur-CAG-mCherry plasmids were gifts from Drs. Adam Karpf and Su-Chun Zhang (Addgene #113194,
#80945, and #80946). AAVS1-Pur-CAG-Brainbow plasmid was constructed based on AAVS1-P-CAG-DEST
(Addgene #80490) and pME-Brainbow TEC (Addgene #82405)
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Fig. S1 | Visualization of projected axons by CRISPR knock-in cerebral organoids.

(A) CRISPR Knock-in of CAG promoter-driven GFP and mCherry fluorescent tags into the AAVSI safe harbor
locus in human iPS cells. GFP- or mCherry-labeled cerebral organoids were generated to visualize axon
outgrowth in PDMS chips. Scale bar: 500 um. (B) No significant phenotypic differences between wild-type and
GFP- or mCherry-labeled cerebral organoids in terms of bundle formation speed. n = 3 organoids. (C) Tracking
of axonal outgrowth of GFP-labeled connected cerebral organoids in different lengths of axon bundle (2, 3, 4,
and 5 mm) at 5 and 6 weeks. Scale bar: 500 um. (D) The thickness of axon bundles of GFP-labeled connected
organoids at the center of microchannel. n = 3 organoids. P = 0.0084 (4mm); 0.0029 and 0.0453 (5mm) (E) 3D
confocal microscopic images of GFP-labeled connected organoid. (F) GFP-labeled and mCherry-labeled cerebral
organoids were connected. GFP- and mCherry-labeled axons projected to another cerebral organoid via merged
thick axon bundle after two weeks in the chip. Scale bar: 500 um (top panels); 100 um (bottom panels). (G)
Number of axons reached the other organoid. n = 3 organoids. (H) Projection of axons to another cerebral
organoid. Immunostaining of Synl revealed synapse connections between organoids. Scale bar: 500 um. (I)
Representative image of Taul and Hoechst staining of (i) an organoid and (ii) axon bundle region from a
connected organoid. Scale bar: 50 um. (J) Quantification of number of nuclei in organoid and axon bundle regions
of connected organoids. No cell bodies were observed in axon bundles. n = 3. P = 0.0038. (K) Representative
time course images of axon bundle formation of a connected organoid generated from 30HU-002. n = 3. Scale
bar: 100 um. (L) Quantification of axon bundle thickness. n = 3 organoids. (M) Immunostaining of an organoid
with TUJ1 and PAX6 after 8 weeks of culture. Scale bar: 100 um. (N) The proportions of excitatory neurons,
inhibitory neurons, and other neurons in the organoids. n = 3. *p<0.05; one-way ANOV A with Tukey’s multiple
comparison test for 1D, and student's t-test (two-sided) for 1G and J. Data are presented as mean values + SD.
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Whole-cell patch-clamp recording Depth Vrest Rinput Cmembrane AP threshold AP amplitude AP half width .
Neuron # (um) _(mV) (Mohm)  (pF) (mv) (mv) (ms) Classified label
#1 0 -30.4 975.4 13.6 MF
#2 15 -31.8 624.5 20.8 -37.6 26.3 11.8 Unsustained
#3 20 -25.2 1525.9 13.8 MF
#4 20 -28.5 317.7 40.6 -37.8 33.5 9.1 Unsustained
#5 25 -25.1 14115 20.3 MF
#6 25 -226 1161.2 237 NF
#7 25 -20.2 299.3 35.1 MF
#8 30 -48.4 750.0 60.1 -34.2 57.5 2.15 Sustained
#9 30  -401 287.2 38.4 -46.5 5.9 9.1 Unsustained
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Fig. S2 | Electrophysiological properties of neurons in the connected organoids.

(A) Setup for whole-cell patch-clamp recording. Neuronal activities were recorded from the neurons in connected
organoid in PDMS device. (B) All recording data set sorted by the depth including the depth from the surface of
organoids in target neurons, resting membrane potential (Viest), input resistance (Rinput), membrane capacitance
(Crembrane), action potential (AP) threshold, AP amplitude, AP half width, and classified label. MF; miniature
firing. NF; no firing. (C) Membrane potential in five representative neurons responded with the injection of
current. (D) Concatenate plot of membrane potential in a representative single neuron of sustained firing (#8)
injected with currents from +6 pA to +18 pA. (E) Spontaneous AP in two representative neurons (#10 and #8).
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Fig. S3 | Comparison of single, fused, and connected organoids.

(A) Schematic illustration of generating single, fused, and connected organoids. Scale bar: 500 um. (B)
Correlation between thickness of axon bundle and synchronized burst frequency. Burst frequency increased with
increasing the axon bundle thickness. (C and D) Spike (C) and burst (D) frequency of connected organoids with
varying axon bundle length. No significant difference was found. n = 4 organoids. (E) All cerebral organoids
were generated in the same manner for up to 21 days. To generate fused organoids, two cerebral organoids were
placed into a well of low-adherent 96-well plate. Single and fused organoids were then placed onto MEA probes
on day 28. Organoids were introduced into a microfluidic chip for generating connected organoid on day 28. After
2 weeks of culture on MEA probes, neuronal activities were measured. Scale bar: 500 um. (F) A representative
image of a single organoid on a MEA probe. Periodic and synchronized neuronal activity was observed. Scale
bar: 500 um. (G) A representative image of fused organoids on an MEA probe. More aggressive periodic and
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synchronized neuronal activity than single organoid was observed. Scale bar: 500 um. (H) Single, fused or
connected organoids were dissociated to count the number of cells. No significant difference in cell number was
found. n = 4 organoids. P = 0.0701 (single/fused); 0.1720 (single/connected); 0.1920 (fused/connected). (I)
[llustration of intra- and inter-organoid activity lag detection by electrodes. (J) Quantification of propagation lag
between electrodes. n =4 organoids. ‘Inter-connected’ exhibited significantly smaller lag than ‘inter-fused’. P =
1.4e-12 (fused intra/inter); 8.0e-10 (fused/connected inter);1.3e-6 (connected intra/inter). (K) Signal propagation
velocity. ‘Inter-connected’ signal transduction was faster than others. n = 4 organoids. P = 1.3e-5
(fused/connected); 0.0006 (connected). *p<0.05; one-way ANOV A with Tukey’s multiple comparison test. Data
are presented as mean values + SD.
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Fig. S4 | Activity of connected organoids generated from 30HU-002.

(A) (1) Representative images of connected organoids after 5 weeks of culture. Scale bar: 150 um. (ii1) Filtered
signals from four representative electrodes under each organoid. (iii) Wavelet coherence between signals from an
electrode under one organoid and another electrode under the other connected organoid. (B) (i) Representative
images, (i1) filtered signals, and (iii) wavelet coherence of the connected organoids after 6 weeks of culture are
shown as in A. Black arrowheads in (ii) represent synchronized burst activities associated with dense spikes. (C)
Burst frequency increased significantly with culture time. n = 4 organoids. P = 0.0498; 3.0031e-5. (D)
Synchronicity of activity in the two connected organoids increased during the culture period. n =4. P = 9.6e-6;
4.2e-5; 1.3e-5; 2.4e-5; 1.9e-6 (weeks 6-10, relative to week 5). (E) Burst delay after different culture periods. n
= 12 bursts. (F) Representative neuronal activity of the single, fused and connected organoids. (G) Burst
frequency of the single, fused and connected organoids. n =4 organoids. P=0.0317. (H and I) Inverse continuous
wavelet transformation in the 0.2-0.5-Hz, 0.5-4-Hz (delta), and 30-300-Hz (gamma) bands. n = 4 organoids.
*p<0.05; one-way ANOVA with Tukey’s multiple comparison test. Data are presented as mean values + SD.
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Fig. S5 | Visualization of neuronal morphology within the connected organoids with Brainbow.

(A) Brainbow constructs, which express tdTomato, EGFP, and E2 crimson under CAG promotor were integrated
into the AAVSI locus by CRISPR knock-in. In the presence of Cre recombinase, Cre-lox recombination can be
induced, and tdTomato, EGFP, E2 crimson were randomly selected to be expressed in the neuron. (B)
Immunostaining of Brainbow knock-in iPS cells with or without Cre recombinase. Scale bar: 50 pm. (C) In the
presence of Cre recombinase, tdTomato, EGFP, E2 crimson in iPSC is successfully expressed. Scale bar: 100 pm.
(D) Brainbow-cerebral organoids in the presence or absence of Cre recombinase. Scale bar: 100 um. (E) Flow
cytometry followed by dissociation of organoids confirmed the expression of three types of fluorescent proteins.
(F) Schematic procedure of formation of Brainbow-connected organoids and virus infection (AAV-CMV-Cre).
Brainbow cerebral organoids were introduced into the microfluidic device on day 28 from the differentiation.
Then, AAV was added on day 35. (G) Fluorescent images of the Brainbow connected organoids before AAV
treatment. Scale bar: 1 mm (H) Fluorescent images of the Brainbow connected organoids after AAV treatment
on day 45. The AAYV successfully induced Cre-lox recombination and fluorescent color changes. Scale bar: 1 mm
(top); 150 pum (i-iii). (I) Expression of three fluorescent proteins were measured in the connected organoids by
flow cytometry. n = 3. Data are presented as mean values + SD.
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List of top 30 ranking gene in each clusters

Cluster #
0 1 2 3 4 5 6 7 8 9 10 11 12 13
HOTAIRM1DLX6-AS1GAPDH  DLX6-AS1NRN1 MEF2C VIM IGFBP2 FTX MEIS2  SIX3 IGFBP2 GNGS5  ADGRV1
HOXB2  Clof61 NEFL  NR2F1  VGLUT1 SLCBA1 PTN  WSB1  MIAT ZFHX3 DCBLD2 BTG1  HMGN2 NEAT1
Group 1 HOXB3 DLX5  PEGI0 ACOO41S8ENC1  GRIN2B Clorf61 DDIT4 KCNQIOTIVCAN ~MEIS2  Clof61 HMGB2 WSB1
e > LINC02381 TCF4 TUBA1B GAD2 UNCX NSG2 FABP7 PGK1 CCDC88A PEG10 ISL1 ENO1 TUBA1B QKI
c12 NOVA1 PLS3  NREP SPOCK3 TBR1 ~ GABBR2 PTPRZI BNIP3 ANKRD36C ZNF503 FIGN ~ BNIP3  CENPF ARHGAP21
HOXC4 NR2F1 FTL  DLX5 CALY  XPR1 OKI  ENO1 GRIA2  ZFHX4 NEFM PGKI  ANP32E NKTR
c13 HOXB4 SOox2 DCx SOx2 MAB21L1  RUNX1T1SOX2 VEGFA CELF1 NEFL RUNX1T1 TPI1 H2AFZ  DST
HOXBS ~ TMEM123 CRABP1 NRP2  LHXS-AS1 GRIA2 GPM6B FAMIG2AFSIP2  NSG2 PLK2  RND3  MAD2L1 PTPRZ1
LAMPS ERBB4 DPYSL3 NRXN3 CACNA2D1SP8 GNGS HILPDA NKTR SEMA3C XPR1 FAM162A TOP2A  MSI2
LHX1 CDH2 MAPT DLX2 NSG2 NRP2 TTYH1 LDHA wsB1 DLX6 ESRRG DDIT4 vim DDX17
o cé MAB21L2 DLX2  RBP1  DLX1  LHX2  GRIA1 RPS27L P4HA1 DST ISLR2  TLE4  GAPDH UBEZC MIAT
% CRABP1 ARX ~ NORAD WLS  CNTNAP2 GNAOT METRN PDK1  TIA1 TLEA NMU  LDHA  GSTP1 ADGRB3
3 —— HOXA3 NR2F2 BEXS Clorf61  NEFL MAPT ADGRV1 TP RBMS GRIA2  LMO3 MIAT PTTG1  FAT4
= PAX2 GAD2 UBE2S  SOX6 SCG2 GRIK3 SFRP1 PFKFB3 ANKRD36 PGM2L1 CELF4 INSM1 NPY VEGFA
UMAP1 HOXA4 SCGN  OLFM1 FOXG1 PCSK1 ~ GABRG3 GSTP1 GPI POLR2J3-1 CELF4 ECEL1 VEGFA Clofé1 FTX
LBX1 CCDC88A AZIN1 MEF2C  CXXC5 ISLR2 ZFP36L1 TXNIP  ANK3 DCX NEFL P4HA1 NUSAP1 OGA
5 = ELAVL2 ASCL1 RAB3B ARX  LHX9  DCX  SLCIA3 HLAB ARIDIB  PLAGLI CRABP2 EGLN3 SMC4  INTU
C [0] 1 % HOXAS SOX6 HISTIH3GERBB4 TAC1 NRXN3  SOX9 GOLGABAMACF1 PBX3 NRIP1 SLC2A1  BIRCS CREBS
o 2 H BCLI1A RIPOR2 PCP4  BCLI1B FSTLS  SPOCK3 HEST HK2 ~ NFASC ~ DLXS SST  GADDASGMKIGE7 ~ PCDH9
G 2 2 203 THSD7A NFIB  S100A10 STEGAL2 SAMD3 GNAL FABPS ENO2 SRGAP3 CXXC4 CSRNP3 CDKNIC CKS1B  LINCOM61
i 2 E 5 GBX2  LINCOMBIENO1 ~ RUNXIT1 GABRG2 STEGAL2CLU ~ MT3  ZNF638  CHMP2B VGF  WSB1 SOX2  ZNF638
2 ¥ § 6 g ROBO2 DLX1 SNCG SGK1 NEFM ATP1B1 CD99 BTG1 SFPQ SYT4 PGM2L1 NRN1 CKS2 FGFR3
- ‘g 7 kS ENC1 SNTG1  ENC1 SNTG1 FEZF1 NTM SDCBP  IGFBPS DDX17 CALY LRRN3  STC2 RPS27L  IGF2BP2
Tl o : 10 % AUTS2 FTL GSTP1 HISTIH4C ONECUT2 NAPIL3 ANXAS SLC2A1 MIR124-2HGNEFM NR2F1 NHLH1 TYMS ZBTB20
£ 3 10 s GLRA2 BCL11B NAPIL3 RIPOR2 SVIP  DOC2B HMGN3 SLC2A3 GOLGABA PIKIR1 FAT3  HILPDA SYNE2 GABPBI-AS1
N . 1 2 LHXS-AS1 LRRN3 TP NTM  OLFMI  SCN2A CLIC1  ACO27031AKAPY  CNTNAP2SIX3AS1 CHD7 ~ HMGN3 SYNE1
iL :; ; OLFM1 HIST1H4C RPS6 GAD1 LHX5 PLPPR4 SCRG1 KDM3A ZNF207 SPOCK1 MMP16  NFIA PBK MDM4
ey AP1S2 DeXx SST AC027031 FEZF1-AS1CELF2  PEA15  PFKP PWAR6S DLK1 LINCO1833RGS16  ASCL1  CCDC14
Single organoid Fused organoid ‘Connected organoid s F c PAX8 H2AFZ HOXBS PGAP1 NREP SEZ6L  NFIA PLCG2 MDM4 PAK3 CDH13  LMO1 PCLAF  KMT2C
FEn ) zct FOXG1 MAB21L2 PCDH19 MAPT ~ SDC3  RPSB  KISSIR RALGAPAT NRXN1 GRMS ~ADM  SMC2  NF1
E Clustering Wishbone trajectory (pseudotime) F e

o0

s 17
e - G
125 12

> i':: {358 R

M2
8
uman2
B
@
2
Zz
.8
-]
H
=
- 8
8
H
. 3
2

GWAPT UWAPT

Fold change

v MACF1 Al
o 9 P

- 4 0z v s i 1 4 2 B E o F-3
& ¥ 3 130 130 -
§|_ " f’ E 2 1 1
12 § 00 125 128
2 " 1 "

: . . LEL Ry vy ;‘"b & g: '
< <& <

AP [

Fig. S6 | Single cell RNA-seq of single, fused and connected organoids.

(A) UMAP plot of 17,636 single cells with Leiden clustering implemented with single, fused, and connected
organoids. All the cells were classified as 14 clusters. The 14 clusters were categorized into four groups (Group
1 “NPC”, group 2 “Intermediate”, group 3 “Neurons”, and group 4 “Others” clusters). (B) List of top 30 ranked
genes in each cluster. (C) Separated UMAP and density plot of (i) single, (i) fused and (iii) connected organoid.
(D) Relative number of cells in each cluster. (E) Pseudo-time differentiation analysis and clustering by the same
label of clustering. (F) UMAP plot of GRIN2B, ANKRD36, MACF1, and TIA1, which were expressed more in
the cells in cluster 8. (G) Relative gene expression plot of GRIN2B, ANKRD36, MACF1, and TIA1 in cluster 8
of single, fused, and connected organoids. Expression of the genes in cluster 8 of connected organoids was higher
than that of single and fused organoids. P = 0.0001 (single/connected), 0.0027 (fused/connected, GRIN2B);
0.0014 (single/connected), 0.0003 (fused/connected, ANKRD36); 5.2e-5 (single/connected), 0.0008
(fused/connected, MACF1); 0.0084 (single/fused), 0.0002 (single/connected), 8.9¢-11 (fused/connected, TIAT).
n = 229, 311, 215 cells (GRIN2A); 228, 149, 340 (ANKRD36); 242, 173, 396 (MACF1); 259, 170, 359
(TIAT).*p<0.05; one-way ANOVA with Tukey’s multiple comparison test. Data are presented as mean values +
SD.
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Fig. S7 | In silico connected organoid simulation.

(A) Regular spiking neuron (RS) and fast spiking neuron (FS) by Hodgkin-Huxley model. (B) Simplified model
of neuronal networks by RS and FS. (C) modeled neuronal networks in cerebral organoid. A cerebral organoid
model consists of 90 RS neurons and 10 FS neurons. (D) Inter- and intra- organoid connection in single, fused,
and connected organoids. (E) Raw amplitude and spikes by the model. (F) Raster plot of single, fused, and
connected organoids for 60 sec. (G) Quantification of burst frequency. n = 4 simulations. P = 0.0002

(single/connected); 0.0001 (fused/connected). *p<0.05; one-way ANOVA with Tukey’s multiple comparison
test. Data are presented as mean values = SD.
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Fig. S8 | Physically disconnected organoids lose synchronized activity.

(A) An axon bundle between connected organoids was physically cut and disconnected (white arrow). Scale bar:
500 um. (B) After cutting the axon bundle, synchronized activity was completely lost. (C) Wavelet coherence
indicated little or no synchronized activity in the disconnected organoid.
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Fig. S9 | Theta-band oscillation, phase-amplitude coupling, and neuronal avalanches in 30HU-002-derived
organoids.

(A) Raw LFP plot. (B) Wavelet coherence between the two organoids exhibited synchronous activity in the theta
band frequency. (C) Modulation index of PAC in delta-phase/gamma-power and theta-phase/gamma-power of
the connected organoids cultured for 6, 8, and 10 weeks. n = 4 organoids. P = 0.0026; 0.008 (Delta/Gamma
power); 0.0086; 0.0015(Theta/Gamma power). (D) Delta-phase/gamma-power and theta-phase/gamma-power
PAC modulation index of single, fused, and connected organoids. n = 4 organoids. P = 0.0298. (E) The log plot
of neuronal avalanche size and probability at 5, 6, and 8 weeks of culture. n = 16. *p<0.05; One-way ANOVA
with Tukey’s multiple comparison test. Data are presented as mean values + SD.
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Fig. S10 | Simultaneous measurement of Ca?* transient and electrical activity.

(A) (i) Optical set-up for simultaneous Ca®" imaging and MEA recording of the connected organoids. (ii, iii) Ca?*-
reporter gene (GCaMP6f) was transiently transfected to the connected organoids 3 days prior to the measurement.
Then, time-series images were captured with a custom-made microscope setup while LFP activity from MEA
was acquired simultaneously. (B) The firing patterns of the cells in the connected organoids are shown by a trace
image of the calcium response at 7 weeks of differentiation. (C) Plot of both Ca®* activity and MEA signal. Two
types of signals corresponded to each other. Consistency of Ca’* imaging and MEA recording during a burst
activity. (D, E) Correlation matrix from 12 neurons on left organoid and 12 neurons on right organoid is shown
for 10 sec measuring time. 2 negative control ROIs serve as the reference. Ca?* activity was strongly correlated
within each organoid. Ca" activity was more strongly correlated between the organoids when the signals were

shifted 50 msec.
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Fig. S11 | Potentiation of the connected organoids generated from 30HU-002 by optogenetic stimulation.

(A) Optogenetic setup for stimulation of the axon bundle with a 470-nm laser. (B) The delay from the start of
light stimulation to the induction of burst frequency 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. n = 5
independent experiments from 2 organoids. P = 0.008; 0.0052 (2" and 3" relative to 1%, 20 min). (C) Time series
of burst frequency in the presence of K252a or anisomycin. n = 5 independent experiments from 2 organoids. (D)
The delay of burst frequency induction of the connected organoids in the presence of K252a or anisomycin. n =
5 independent experiments from 2 organoids. P = 0.008; 0.0052 (control); 0.011 (K252a). (E) Probability slope
of neuronal avalanches upon K252a or anisomycin treatment. n = 5 independent experiments from 2 organoids.
P=1.3e-5;0.011; 0.0184. (F) Overlayed power histograms of evoked bursts and kernel density estimation (line)
in the presence of K252a and anisomycin. *p<0.05; one-way ANOVA with Tukey’s multiple comparison test.
Data are presented as mean values + SD.
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Fig. S12 | Comparing optogenetic stimulation of organoid stimulation with bundle stimulation and single
organoids with connected organoids (30HU-002-derived).

(A) Burst frequency of connected organoids upon optogenetic stimulation of either the axon bundle (black) or
organoid (blue) and the corresponding receiving organoid following organoid stimulation (red). n = 3. (B)
Compared to axon bundle stimulation, organoid stimulation of connected organoids resulted in low induction
delay that was not significantly changed following the second and third attempt. n = 5 independent experiments
from 2 organoids. P =0.0021 (stimulated organoid); 0.048 (receiving organoid). (C) Probability slope of neuronal
avalanches following bundle stimulation and organoid stimulation in connected organoids. n = 5 independent
experiments from 2 organoids. P =0.019; 0.0178 (stimulated organoid); 0.0018; 0.0074 (receiving organoid). (D)
Burst frequency of single organoid and connected organoid (bundle stimulation) following optogenetic
stimulation. n = 5 independent experiments from 2 organoids. (E) Comparison of induction delay following
optogenetic stimulation of either axon bundles in connected organoids or of single organoids. As seen in (B),
stimulation of single organoid also resulted in low induction delay that was not significantly changed following
the second and third attempt. n = 5 independent experiments from 2 organoids. P = 0.0059. (F) Probability slope
of neuronal avalanches following stimulation of single organoids or axon bundle of connected organoid. n = 5
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independent experiments from 2 organoids. P = 0.0022; 0.0216; 0.0114; 0.0235 (single organoid stimulation).
(G) Overlayed power histograms of evoked bursts and kernel density estimation (line) upon optogenetic
stimulation of single organoids and different regions of connected organoids. *p<0.05; one-way ANOVA with

Tukey’s multiple comparison test. Data are presented as mean values + SD.
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Fig. S13 | Optogenetic stimulation of connected organoids derived from 30HU-002 with different light

intensities.

(A) Schematic of the optogenetic stimulation. Light stimulation was applied to one organoid at different light
intensities. 100% stimulation strength corresponds to approximately 2.7mW, 80% to 2.25mW, 60% to 1.8mW,
40% to 1.35mW, 20% to 0.9mV. (B) Spike count of the stimulated and receiving organoid after receiving 100%
power stimulation. Blue shading indicates the stimulation period. (C) Burst initiation time of stimulated organoid
decreased with increasing stimulation strength. n = 27 stimulations. P = 1.2e-5, 2.0e-9, 7.1e-11, 2.0e-9 (40%-

100%, relative to 20%) (D) Burst initiation time of receiving organoid did not change following different
stimulation strength. n = 27 stimulations. (E) Propagation delay between stimulated organoid and receiving
organoid upon different stimulation strength. n = 27 stimulations. Not statistically significant; One-way ANOVA
with Tukey’s multiple comparison test. Data are presented as mean values + SD.
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Table S1. Real-time PCR primers

Forward primer 5°-3’

Reverse primer 5°-3’

Gene

DCX TCCCGGATGAATGGGTTGC GCGTACACAATCCCCTTGAAGTA
FOXG1 AGGAGGGCGAGAAGAAGAAC TCACGAAGCACTTGTTGAGG
GAD1 GCGGACCCCAATACCACTAAC CACAAGGCGACTCTTCTCTTC
GAD2 TGGCGTTTCTGCAAGATGTTA TTGGTCTGCCAATTCCCAATTAT
GRIA1 TGATGGAAAATACGGAGCCC CTTCCCGGACCAAAGTGATAG
LHX6 GGGCGCGTCATAAAAAGCAC TGAACGGGGTGTAGTGGATGT
MAP2 CAGGAGACAGAGATGAGAATTCC CAGGAGTGATGGCAGTAGAC
NESTIN CAACAGCGACGGAGGTCTC GCCTCTACGCTCTCTTCTTTGA
NKX2.1 CGACTCCGTTCTCAGTGTCTGA CCTCCATGCCCACTTTCTTG
PAX6 ACCCATTATCCAGATGTGTTTGCCCGAG ATGGTGAAGCTGGGCATAGGCGGCAG
SATBI1 GATCATTTGAACGAGGCAACTCA TGGACCCTTCGGATCACTCA
SATB2 GACAGTGGCCGACATGCTAC AGGCAAGTCTTCCAACTTTGAA
SOX2 GCCGAGTGGAAACTTTTGTCG GCAGCGTGTACTTATCCTTCTT
TBR1 ATGGGCAGATGGTGGTTTTA GACGGCGATGAACTGAGTCT
TBR2 CACCGCCACCAAACTGAGAT CGAACACATTGTAGTGGGCAG
TUBB3 GGCCAAGGGTCACTACACG GCAGTCGCAGTTTTCACACTC
VGLUT1 CAGAGTTTTCGGCTTTGCTATTG GCGACTCCGTTCTAAGGGTG
DLXS TTCCAAGCTCCGTTCCAGAC GAATCGGTAGCTGAAGACTCG
BCL11A CGCCAGAGGATGACGATTGTT CCAGGCGTGGGGATTAGAG
BCL11B  GGTGCCTGCTATGACAAGG GGCTCGGACACTTTCCTGAG
GAPDH TGTGGGCATCAATGGATTTGG ACACCATGTATTCCGGGTCAAT
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Table S2. Key resource

Reagent and resource Source Identifier
Cell line

Human iPSC 409B2 Riken HPS0076
Human iPSC 30HU-002 iXCell N.A.

AAVpro 293T Takara N.A.

Plasmid

AAV-CAG-hChR2[H134R]-tdTomato Addgene #28017
PAAV-CAG-ArchT-GFP Addgene #29777
AAV-CAG-EGFP Addgene #28014
AAV-CAG-Kaede-WPRE This paper N.A.
pAAV.CAG.GCaMP6f. WPRE.SV40 Addgene #100836
PX458-AAVSI1 Addgene #113194
AAVS1-Pur-CAG-EGFP Addgene #80945
AAVS1-Pur-CAG-mCherry Addgene #80946
pME-BrainbowTEC Addgene #82405
AAVSI1-Pur-CAG-BrainbowTEC This paper N.A.

AAV

[gfsV-retro] AAV-CAG-hChR2[HI34R]- Addgene #28017-AAVrg
[AAV1] pAAV-ArchT-GFP Addgene #29777-AAV1
[AAV1] pAAV.CAG.GCaMP6f. WPRE.SV40  Addgene #28014-AAV1
[AAV1] AAV-CMV-Cre This paper N.A.

[AAV2] AAV-CAG-Kaede-WPRE This paper N.A.
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