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SUMMARY
Cerebral organoids (COs) are rapidly accelerating the rate of translational neuroscience based on their potential to model complex fea-

tures of the developing human brain. Several studies have examined the electrophysiological and neural network features of COs; how-

ever, no study has comprehensively investigated the developmental trajectory of electrophysiological properties in whole-brain COs and

correlated these properties with developmentally linked morphological and cellular features. Here, we profiled the neuroelectrical activ-

ities of COs over the span of 5months with a multi-electrode array platform and observed the emergence andmaturation of several elec-

trophysiologic properties, including rapid firing rates and network bursting events. To complement these analyses, we characterized the

complex molecular and cellular development that gives rise to these mature neuroelectrical properties with immunohistochemical and

single-cell transcriptomic analyses. This integrated approach highlights the value of COs as an emerging model system of human brain

development and neurological disease.
INTRODUCTION

Our understanding of mammalian brain development has

largely been derived from rodent models. Although these

models have provided invaluable mechanistic insight,

they are significantly limited in that they do not fully reca-

pitulate the molecular, structural, and genetic complexity

of human conditions. For example, human brains exem-

plify unique anatomical features, such as an expanded

outer subventricular zone (SVZ), that are not present in

mice (Sousa et al., 2017). This zone contains basal radial

glia (bRG) that are critical for human cortical expansion

(Fietz et al., 2010; Hansen et al., 2010; Johnson et al.,

2015). Furthermore, our current knowledge of human

brain development is largely based on analyses of postmor-

tem or pathological specimens. Although they have pro-

vided important fundamental knowledge, these tools are

not amenable to experimental manipulation (Hartlaub

et al., 2019; Stiles and Jernigan, 2010).

Recent advances in stem cell and three-dimensional tissue

culture techniques led to the advent of cerebral organoids

(COs) that can model early periods of human fetal brain
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development (Camp et al., 2015; Hester and Hood, 2017;

Lancaster et al., 2013; Lancaster and Knoblich, 2014; Qian

et al., 2016; Quadrato et al., 2017; Yin et al., 2016). COs,

which are generated from human pluripotent stem cells,

are three-dimensional structures that can self-organize to

form discrete regions of the human brain, such as the cere-

bral cortex. Several CO protocols have been developed that

rely either on intrinsic patterning molecules or on exposure

tomorphogensunderdirecteddifferentiation.Protocols that

relyon spontaneous cuesgenerateCOswithdiverse cell pop-

ulationsandmultiple regional brain identities at the expense

of increased interorganoid variability compared with

directed differentiation approaches (Pasca, 2018).

Despite significant advances in discerning the morpho-

logical and cellular complexity of COs, very little work has

been done to characterize their electrophysiological (EP)

properties. A previous report showed the presence of sponta-

neous activity arising from photosensitive, retinal-like cells

using a 64-channel neural probe implanted within 8-

month-old whole-brain COs (Quadrato et al., 2017). Other

studies performed EP measurements on organoid slices us-

ing whole-cell patch-clamp techniques (Birey et al., 2017;
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Xiang et al., 2017) or measured network activity in COs via

imaging of synchronized calcium activities (Sakaguchi et al.,

2019).Most recently, Trujillo et al. used a forebrain organoid

model to compare organoid EP features to EEG signatures

from premature infants (Trujillo et al., 2019).

Here we examine the EP development of COs using a 64-

channel multi-electrode array (MEA) array platform. This

culture method enabled us to detect weak spontaneous

electrical activity in COs after as early as 1 month in cul-

ture. We noted the gradual evolution of EP features in

COs within 3 months in culture, as evidenced by elevated

mean spike rates and characteristic spontaneous action po-

tentials with discrete depolarizations. In addition, we char-

acterized the simultaneous development of morphological

and transcriptomic features in COs with immunohisto-

chemistry (IHC) and single-cell RNA sequencing (scRNA-

seq). Maturation of electrical features correlated with

dynamic changes in the development of cell types within

COs, such as the emergence of astrocytes and diverse

neuronal populations. Last, as COs transition into

increased cellular and morphological complexity, we

observed activation of the neurotrophin (NTR)/TRK recep-

tor signaling pathway. Our findings highlight the use of

COs as a model not only for recapitulating complex

morphological features of human brain development, but

also as a functional testing platform to investigate how ge-

netic and environmental factors perturb the development

and maturation of neural circuits. Further, our results

provide an impetus to use COs as a system to screen and

functionally characterize potential pharmaceutical neuro-

modulators and gene therapeutics that would restore

proper EP function in neurodevelopmental disorders.
RESULTS

Generation of COs from Human Induced Pluripotent

Stem Cells

To investigate the contribution of diverse human brain cell

types to the developmentalmaturation of electrical proper-

ties inCOs, we used an undirected differentiation approach

to generate human whole-brain COs (Di Lullo and Krieg-

stein, 2017; Hester and Hood, 2017; Lancaster et al.,

2013; Pasca, 2018). Specifically, we used our previously

described methods to generate human whole-brain COs

based on a modified protocol from Lancaster et al. (Hester

and Hood, 2017; Lancaster et al., 2013) (Figure 1A). We

incorporated BrainPhys medium in our methodology,

which has been shown to enhance neuronal synaptic

function and promote the EP maturation of neuronal

monolayer cultures (Bardy et al., 2015) and has not been

previously used for long-term culture of COs (Figure 1A).

We generated COs from a well-characterized human
856 Stem Cell Reports j Vol. 15 j 855–868 j October 13, 2020
induced pluripotent stem cell (hiPSC) line (Burridge et al.,

2011) that exhibits molecular characteristics of pluripo-

tency (Figures S1A–S1E). These COs showed similar growth

properties compared with previously established protocols

(Figure 1B). Of note, the hiPSC-derived neuroepithelial

(NE) bodies that give rise to the COs had translucent bor-

ders (Figure 1C) and expanded into NE buds at day 17 in

culture (Figure 1D), similar to the developmental timing

seen in conventional culture methods (Figures S1F–S1H).

When switched to constant agitation culture conditions,

COs showed steady growth characteristics (Figures 1B, 1E,

and 1F) and did not significantly increase in growth area af-

ter day 60 in culture. Molecular analyses of early-stage CO

cultures at day 25 revealed abundant proliferative SOX2+

neural progenitor cells (NPCs) organized into neuroepithe-

lium-like structures as shown by the expression of the cell-

cyclemarker Ki67 and themitosis-specific cell-cyclemarker

pHH3 (Figures S1I and S1J).

Probing Electrical Activities in COs Using an MEA

Platform

To probe the electrical activities of maturing whole-brain

COs, we established a method to monitor their sponta-

neous electrical activity with a 64-channel MEA platform

to detect and record extracellular field potential change

activity (Figures 1G–1K). Planar MEA systems have a non-

invasive, multi-site, electrical recording interface to func-

tionally assay the electrophysiology of neuronal cultures.

MEAs have beenwidely usedwithmonolayer neuronal cul-

tures to study their neurophysiology (Kizner et al., 2019;

Mehta et al., 2018), although the application of MEAs to

the study of EP features in three-dimensional whole-brain

COs is underexplored. Since CO cultures require agitation

in suspension to enhance nutrient diffusion and maintain

optimal three-dimensional growth conditions, we devel-

oped a non-destructive method to functionally assay their

surface electrical activities (Figures 1G–1K). Specifically, in

this method, COs are transferred onto an MEA probe to re-

cord spontaneous electric activities. This protocol allowed

us to identify the precise developmental timing of EP prop-

erty emergence in COs. Since the recording distances of

MEAs are not expected to be greater than 60 mm (Delgado

Ruz and Schultz, 2014), we expected to measure electrical

activities not only from superficial layer neurons posi-

tioned up to three cell layers from the surface layer Cajal-

Retzius (CR) cells. In addition, based on the developmental

time points at which we performed the MEA analyses, we

expected to record from a diverse set of excitatory and

inhibitory neuronal populations.

Evolution of EP Properties in COs

Using a 64-channel MEA array, we investigated the earliest

time point at which electrical activity emerges in COs. We



Figure 1. CO Protocol Timeline and Early-Stage Morphological Features
(A) Timeline of major developmental features and technical milestones in generating human COs. EB, embryoid body; MG, Matrigel
encapsulation; VitA, vitamin A.
(B) Growth curve of organoid areas shows a plateau at day 60 (minimum of four independent organoids per time point). Data are presented
as mean ± SEM.
(C) Encapsulated NE body that has been induced toward neuroectoderm. Scale bar, 200 mm.
(D) Encapsulated NE body with expanding neuroepithelial folds (black arrows). Scale bar, 100 mm.
(E) Day 30 COs. Scale bar, 1 mm.
(F) Day 60 COs. Scale bar, 1 mm.
(G and H) Spontaneous electrical activity can be detected from COs using a multi-electrode array (MEA) system. (G) A transferred CO on an
MEA probe during acquisition of spontaneous electrical activity. (H) CO recording setup with 64 planar microelectrodes.
(I) Microelectrode array at high magnification.
(J) Local field potential trace from an individual microelectrode.
(K) Spike raster plot depicting electrical activities derived from a CO. Bursts are represented as red triangles.
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Figure 2. Developmental Trajectories of Electrophysiological Properties in COs
(A) Detection of spontaneous electrical activity in day-34 COs and approximately every month thereafter shows a progressive increase in
and complexity of EP properties. Top: Graphical representation of the array-wide spike detection rate (AWSDR) above every spike raster plot
with a 3-min recording interval. Synchronized burst firing (SBF) activity is observed in late-stage CO cultures and is indicated by light blue
columns within raster plots of days 120 and 161. Note the corresponding peaks in the AWSDR above each SBF. Middle: Heatmap plots of the
mean spike rates of neurons within COs recorded by each individual microelectrode. Bottom: Local field potential (LFP) traces and a
corresponding waveform taken from a shorter time interval showing a progressive increase in voltage amplitude and spiking rate at
successive developmental time points. Note the characteristic action potential waveforms shown in days 99, 120, and 161.
(B–G) EP quantifications of developing COs at approximately monthly intervals initiating at day 34 (n = 4/time point). EP data include (B)
number of spikes, (C) number of bursts, (D) spike rate (number of spikes/s), (E) interburst interval, (F) burst duration, and (G) number of
spikes in a burst. Data are presented as mean ± SEM and statistical analyses were performed using one-way ANOVA with Tukey’s multiple

(legend continued on next page)
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detected weak spiking activity (Figure 2) at day 34 in cul-

ture, which is expected, as this time point is correlated to

a developmental window of rapid expansion of neuroepi-

thelium and the beginning of early neurogenesis within

COs that precedes neuronal maturation (Figures 1D, S1I,

and S1J). After day 64 in culture, COs exhibited increases

in both mean spike rate and field spike amplitude (local

field potential), with both properties continuing to in-

crease thereafter into day 99 of culture (Figures 2A and

2D). In addition, cortical neurons in COs showed charac-

teristic spontaneous action potentials with discrete depo-

larizations (waveforms in days 120 and 161) that coincided

with the observed expansion of astrocytes (Figures 4F, 4G,

and 2A). At day 120, as indicated by a significant increase

in the array-wide spike detection rate, COs exhibited syn-

chronized burst firings (SBFs), which are prominent charac-

teristic features of functional cortical neural networks in

the developing mammalian cortex and a hallmark of syn-

aptic signal propagation (Figure 2A). Day 161 COs showed

further increases in the number of SBFs, which suggests the

COs formed highly interconnected neural networks (Fig-

ure 2). Network burst metrics were analyzed in day 161

COs and showed an average network burst duration of

985 ± 152 ms, an average spike number of 1700 ± 300 in

a network burst, and an average network burst interval of

25.3 ± 4.2 s. We observed a significant increase in the num-

ber of spikes, bursts, and spike rates over time in culture,

which reflects the neuronal synaptic maturation of electri-

cal transmission within COs (Figures 2B–2G). Altogether,

these results demonstrate that COs show a gradual evolu-

tion of EP properties over development that resembles

hallmark features of the developing neonatal brain. This

trajectory begins in day 30–64 culture when COs have

immature electrical activities as evidenced by random,

low-amplitude, spike events and matures as more complex

network bursting events or SBFs emerge by day 120 and in-

crease to day 161.

Increased Cellular Diversity in COs and Correlation

with Their Electrophysiological Trajectories

To correlate the trajectories of electrical activities we

observed in COs to their morphological and molecular

properties, we performed scRNA-seq in COs and IHC ana-

lyses of neuronal and glial lineages. We first subjected

COs to scRNA-seq at late developmental time points,

including days 93 and 140, to characterize the dynamic

transcriptome of their diverse cell types (Figures 3 and

S2A). We performed unsupervised clustering on gene

expression profiles from an integrated dataset of 8,578 cells
comparisons test (n = 4 independent organoids per time point recorde
day 34 and day 161 or between day 99 and day 161 time points are sh
***p % 0.001; ****p % 0.0001. All statistical analyses are shown i
(Figures 3A and 3B) and identified eight major clusters us-

ing known cell-type-specific marker genes (Figures 3C

and S2A). Excitatory cortical neurons (NEUROD4+) and

inhibitory interneurons (GAD2+ and DLX5+) comprised

approximately 50% and 2% of all cells in day 93 COs,

respectively, and approximately 24% and 30% of all cells

in day 140 COs, respectively. The presence of inhibitory

neurons in late-stage COs may indicate the maturation of

local cortical circuitry within neuronal networks, which

correlates with the maturation of EP properties we

observed, such as the high degree of SBFs observed in day

161 COs (Figure 2). This developmental link supports their

previously described role in the establishment and control

of neural network activity (Kuijlaars et al., 2016; Mann and

Paulsen, 2007). We also identified several non-neuronal

populations, including proliferative progenitors (MKI67+,

NUSAP1+), glia (GFAP+, HOPX+), and intermediate progeni-

tors (EOMES+,NHLH1+), that had approximately equal rep-

resentation in both day 93 and day 140 COs. The role of

glia and progenitor populations in neurogenesis, neuronal

maturation, and neural network activity has been exten-

sively characterized in the developing human brain (Felix

et al., 2020; Wilton et al., 2019). Their stable presence in

early- and late-stage COs is likely a reflection of their similar

functions in developing COs.

To complement our scRNA-seq analyses, we also per-

formed a comprehensive IHC analysis of key cell-type-spe-

cific markers during CO development. At day 40, COs

showed expansion of neuroepithelium as revealed by

expression of the telencephalic markers FOXG1 and

LHX2 (Figure S2B). LHX2 displayed a more restrictive

expression pattern in day 40 COs compared with FOXG1

expression, coinciding with its predominate expression in

the dorsal telencephalon (Godbole et al., 2018). LHX2

maintained expression at day 93 in proliferative progeni-

tors and a subset of excitatory neurons, although expres-

sion diminished at day 140 (Figure S2C). In contrast,

FOXG1 maintained robust expression in both excitatory

and inhibitory neurons at days 93 and 140 (Figure S2C).

In addition, the mitotic NPC marker SOX2 was expressed

in the proliferative neuroepithelium at day 40 (Figure S2B)

and absent in postmitotic neurons, as expected (Fig-

ure S2C). Further, IHC analysis of SOX2 at day 60 revealed

expression in NPCs, which lined ventricle-like structures

withinCOs and also expandedminimally in SVZ-like zones

(Figure 4A). Similarly, PAX6, a dorsal corticalmarker, which

is characteristically expressed in radial glial (RG) cells, was

also expressed predominately at ventricular zone (VZ)-like

zones (Figure 4B). We also performed a more extensive
d and 2 independent experiments performed). Differences between
own by black or red asterisks, respectively. *p% 0.05; **p% 0.01;
n Table S3.
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Figure 3. scRNA-seq Reveals Dynamic Cell Type Diversity Throughout the Developmental Trajectory of COs
(A) Uniform-manifold approximation map (UMAP) of single-cell RNA-sequencing data from two COs with 8,578 cells total analyzed in one
independent experiment. Each point on the UMAP represents a single cell. Color map specifies cell type, as outlined in the legend.
(B) Donut plots and UMAPs for day 93 and day 140 capture of the cell type diversity within COs as a function of time. Day 93: 4,491 cells
shown, including 2,190 excitatory cortical neurons (48.8%), 79 inhibitory interneurons (1.8%), 560 glia (12.5%), 575 proliferative
progenitors (12.8%), 370 intermediate progenitors (8.2%), 203 neural crest (4.5%), 116 mesenchyme (2.6%), 373 retina (8.3%), and 25
other (0.5%). Day 140: 4,087 cells shown, including 968 excitatory cortical neurons (23.7%), 1,242 inhibitory interneurons (30.4%), 667
glia (16.3%), 608 proliferative progenitors (14.9%), 304 intermediate progenitors (7.4%), 133 neural crest (3.3%), 104 mesenchyme
(2.6%), 34 retina (0.8%), and 27 other (0.7%).
(C) UMAPs depict canonical markers for each cell cluster type, excluding other. Additional markers are provided in Figure S4.
analysis of markers for neuronal subtypes within progeni-

tor zone-like and cortical plate (CP)-like regions at day 60.

As shown in Figure S3B, CTIP2+ and TBR1+ neurons are

observed extensively within CP-like regions, and TBR2+

neurons are restricted predominately to the SVZ-like zones.

We also observed SOX2+/HOPX+ progenitors within VZ-

like zones and the cortical layer 1 marker, REELIN, ex-

pressed at the most upper cortical layer that contains CR

cells (Figure S3B). We and others also observe transient sur-

vival of CR neurons in COs (Renner et al., 2017), as indi-

cated by low levels of RELN expression in day 140 COs

(Figure S5A).

We further investigated the cellular composition of day

60 COs and observed a minor population of astrocytes

emerging, as shown by GFAP expression (Figures 4C and

4D), that expanded significantly after an additional

26 days in day 86 COs (Figures 4F, 4G, and S3A). We found

that our transcriptomic data were in agreement with this

observation, as we detected substantial expression of astro-

glia markers GFAP, S100b, AGT, and AQP4 (Figure S6). It is

plausible that the progressive electrical maturation of
860 Stem Cell Reports j Vol. 15 j 855–868 j October 13, 2020
COs during this developmental period could be driven in

part by the expansion of astrocytes as these cell types

have been shown to promote the functional maturation

of cortical neurons in vivo and in vitro (Kuijlaars et al.,

2016; Sloan et al., 2017).

The inhibitory marker GABA was initially apparent at

very low levels at day 40 and increased significantly as

GABAergic neurons appeared in later-stage COs, from day

60 to day 120 (Figures 3B, 4H, 4O, and S3A). To comple-

ment these analyses, we stained for the glutamatergic

neuronal marker vesicular glutamate transporter 1

(VGLUT1), and observed the typical punctate staining

pattern indicating the presence of this excitatory pre-syn-

aptic marker (Figure 4I). At day 86, a large increase in

SATB2+ neurons was observed within expanded upper CP

layers compared with day 60 COs (Figure 4E), which began

to more clearly define upper and deeper CP layers (Fig-

ure 4J). Thus, it is probable that our MEA recordings at

days 64 and 99 comprise electrical activities arising from

CR and CTIP2+ and SATB2+ neurons, whereas day 120

and 161 recordings also include the electrical activities of



Figure 4. Cell-Type Diversity in COs
(A) Immunostaining of day 60 COs shows SOX2+ NPCs lining the ventricle-like structures within COs. At day 60, the majority of SOX2+ NPCs
are restricted to the VZ-like areas within the area of dashed lines. SOX2+ NPCs are also observed migrating into SVZ-like areas and rarely
observed in CP-like zones as shown by TUJ1 immunostaining at this developmental stage. Scale bar, 50 mm.
(B) Immunostaining for the radial glial (RG) marker PAX6, showing dense expression primarily within the VZ-like area, in addition to the
mitotic RG marker phospho-Vimentin (P-VIM), showing RG preferentially dividing at the apical surface (yellow arrows, lower dashed line).
PAX6+ RGs observed outside of the VZ-like zone representbasal RG cells, which also remain mitotically active to a lesser extent, as shown by
P-VIM staining (white arrow). Scale bar, 50 mm.
(C) Day 60 COs show the emergence of astroglia as shown by GFAP staining. DCX, a neuronal migratory marker, demarcates the CP-like zone.
Scale bar, 200 mm.
(D) High-magnification image of (E) showing the presence of GFAP+ astrocytes. Scale bar, 50 mm.
(E) Immunostaining for the late-born and superficial CP marker SATB2 and the deep-layer CP marker CTIP2. Dashed lines indicate upper
SATB2+ cortical layer zone with deeper layer CTIP2+ zone. Scale bar,100 mm.
(F) Day 86 COs show significant expansion of GFAP+ astrocytes within the CP-like zone, which also contains DCX+ neurons. Scale bar,
200 mm.
(G) High-magnification image of (I) showing the increased presence of GFAP+ astrocytes compared with day 60. Scale bar, 50 mm.
(H) Immunostaining for the inhibitory neuronal marker GABA and the mature neuronal marker NEUN. Scale bar, 20 mm.
(I) Presence of excitatory neurons is also observed as shown by staining for the vesicular glutamate transporter 1, vGLUT1, which co-
localized with DCX in the CP-like zone. Scale bar, 50 mm.

(legend continued on next page)
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GABAergic neurons. These data, which are consistent with

previous reports, indicate that whole-brain COs can

develop for an extended duration in culture and generate

diverse brain cell lineages.
COs Exhibit a Diversity of Apical and Basal Radial

Glial Subtypes

Next, we examined whether our whole-brain COs gener-

ated the diversity of RG cell types that are present in the

developing human brain. Given the instrumental role

that apical radial glia (aRG) and bRG play in the structural

scaffold and maturation of the developing human brain,

we first confirmed their presence in the transcriptome of

late-stage COs with our scRNA-seq data (Figure 5). We

observed substantial RG marker expression in both the

glia and the proliferative progenitor clusters (Figure 5D),

including the aRG markers ANXA1, PALLD, and CRYAB;

the late bRG markers HOPX and FAM107A; and the pan-

radial glia markers SOX2 and PAX6 (Thomsen et al.,

2016). We also noted a remarkable increase in the anti-pro-

liferative and pro-neurogenic BTG2 (also known as TIS21)

from day 93 to day 140 (Figure 5D), which indicates a sig-

nificant increase in progenitor division fates destined to

become neurons (Attardo et al., 2010; Iacopetti et al.,

1999). We then characterized their development from

day 60 to day 140 by IHC. At day 60, we noted pVIM+

mitotic RG cells within VZ-like and radially distant, SVZ-

like regions comprising early progenitors found in the scaf-

fold of the embryonic brain (Figure 4B). At day 90, the VZ-

and SVZ-like regions primarily contained SOX2+/HOPX+

progenitors (Figures S6A–S6C). By day 140, CRYAB+ pro-

genitors appeared at the apical surface, whereas HOPX+

progenitors appeared in a distant outer VZ-like zone (Fig-

ures 5A and 5B). This patterning suggests that COs contain

regionally defined aRG and bRG populations that become

readily apparent by day 140. Recently, a study described

the emergence of truncated radial glia (tRG) that marks

the beginning stages of the transition from a continuous

to a discontinuous RG scaffold in late human brain devel-

opment (Di Lullo and Kriegstein, 2017; Nowakowski

et al., 2016). tRG, which express the CRYAB marker, are

formed when aRG retract their basal fibers and terminate

them in the outer SVZ, thus resembling a truncated

morphology. Interestingly, we identified CRYAB+ progeni-
(J–N) (J) Day 86 COs show an expansion of the superficial SATB2+ corti
defined upper SATB2+ cortical layer zone and deeper layer CTIP2+ zone
shows presence of neuronal (K and L, TUJ1) and astrocytic cell lineages
(L) 20 mm, and (N) 50 mm.
(O–R) Maturation of day 150 COs exhibits GABAergic neurons as show
(PVALB), and (Q) somatostatin (SST). Scale bars, (O) 50 mm; (P) 100
maturation is also observed in day 150 COs as shown by expression of
images were stained with DAPI (blue) (n = 4 independent organoids,
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tors in COs, although future studies are necessary to further

validate whether they represent tRG as observed in vivo.
Neuronal and Synaptic Maturation in COs

Neuronal and synaptic development is indispensable to

the formation of neural circuits and drives EP maturation

of COs. Therefore, we sought to identify evidence of this

maturation at the protein and transcriptome levels around

days 120–150 in culture. We first noted the formation of

synapses in day 120 COs with expression of the mature

pre-synaptic marker synaptophysin (SYP) that partially

co-localized with the mature neuronal dendritic marker

MAP2 (Figure S4A). We further examined the expression

levels of a more comprehensive gene panel of dendritic,

presynaptic, and postsynaptic markers in our scRNA-seq

data in day 140 COs (Figure S4B). We evaluated synaptic

markers enriched within either inhibitory or excitatory

neurons. These markers may be critical for synaptic propa-

gation, as they correlate with the increased spiking activity

and SBF that we detected in late-stage COs. For example,

GAP43, SYT4, SYP, and SLC17A7 (Figure S4B, highlighted)

are pre-synaptic markers enriched in excitatory neurons.

Conversely,NRXN3 and SLC32A1 (Figure S4B, highlighted)

are pre-synapticmarkers enriched in inhibitory neurons. In

some cases, these genes encode well-documented func-

tions for these classes of neurons. For example, SLC17A7

encodes vesicular glutamate transporter 1 (VGLUT1) and

SLC32A1 encodes for VIAAT, which is a membrane protein

associated with the uptake of GABA and glycine into syn-

aptic vesicles. In addition to pre-synaptic markers, we

also observed expression of the post-synaptic markerHOM-

ER1, GPHN, NLGN1, NLGN2, DLG3, DLG4 (also known as

PSD95), and SHANK gene family members in both

neuronal classes, although most markers showed enrich-

ment in excitatory neurons.

Given this evidence of synapticmaturation, we extended

our analyses in day 150 COs for additional support of

neuronalmaturation. Of note, we observed a significant in-

crease inGFAP+ and S100b+ astrocytes by day 150 in culture

(visualized in Figures 4K–4N, quantified in S3A). These

astrocytes exhibited extensive, ramified processes that

indicate their maturation and association with neuronal

populations (Figures 4K–4N). We also found that from

day 86 to day 150, our COs exhibited significantly
cal layer zone compared with day 60 COs. Dashed lines indicate more
. Scale bar, 100 mm. (K–N) Immunostaining of day 150 cerebral COs
(K and L, GFAP, and M and N, S100b). Scale bars, (K and M) 100 mm,

n by (O) GABA staining and interneuron subtypes, (P) parvalbumin
mm and inset, 50 mm; (Q) 50 mm and inset, 25 mm. (R) Synaptic

the pre-synaptic marker, synaptophysin (SYP). Scale bar, 25 mm. All
all time points).



Figure 5. Presence of Diverse RG Cells in
COs
(A) Low-power composite image of HOPX,
CRYAB, and SOX2 expression in day 140 COs.
White frame indicates reference for (B).
(B) High-power merged and single-channel
images from inset in (A).
(C) Schematic depicting progenitor zones in
the CO model.
(D) Feature UMAPs of integrated glia and
proliferative progenitor clusters (note the
retained shape of clusters from Figure 3).
From top to bottom: expression of aRG-
specific markers PALLD, ANXA1, and CRYAB;
bRG-specific markers HOPX and FAM107A;
pan-RG markers PAX6 and SOX2 in integrated
scRNA-seq dataset; and anti-proliferative/
pro-neurogenic marker BTG2 shows
increased expression over time (left, day 93,
and right, day 140) (n = 4 independent or-
ganoids). Scale bar (A), 200 mm. All scale
bars in (B), 50 mm.
increased levels of GABA expression (visualized in

Figure 4O, quantified in Figure S3A). GABAergic neurons

in day 150 COs showed significantly larger cell bodies

compared with those in earlier-stage COs (Figure 4O). We

were able to identify specific GABAergic neuron subtypes,

including those that were immunoreactive to either parval-

bumin or somatostatin, which further provides evidence

for GABAergic neuron maturation (Figures 4P and 4Q).

Finally, we noted the pan-neuronal marker TUJ1 to localize

with the pre-synaptic marker SYP, which depicts the devel-

opment of mature CO networks (Figure 4R).

Gene Expression Profiling in Mature COs Reveals

Activation of the NTR/Trk Receptor Signaling

Pathway

To further investigate whether the observed EP maturation

of COs correlated with concomitant changes in gene

expression patterns, we performed qRT-PCR and profiled

the expression of 84 key genes associated with human syn-
aptic plasticity at three additional time points during CO

development (day 10, day 60, and day 150) (Figure 6). For

this analysis, we selected a wide range of time points to

identify synaptic gene expression changes that more

clearly delineated immature (day 60) from mature (day

150) neuroelectrical properties in COs. As shown in Fig-

ure 6A, these genes encode a diverse set of protein func-

tions that are associated with synaptic activity and were

functionally categorized into 10 groups, such as neuronal

receptors, cell adhesion molecules, or immediate-early

response gene (IEG) groups. Genes that were upregulated

3-fold or higher relative to hiPSC gene expression levels

were collated into these 10 groups and their percentage

abundance was determined from each organoid time

point. Interestingly, this analysis revealed increased expres-

sion of the TRKB receptor (Figure 6C) during organoid

development without a concomitant increase in the

expression of one of its ligands, BDNF. These data agree

with a previous study showing that activation of TrkB in
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Figure 6. Gene Expression Profiling Reveals
Activation of an IEG Cluster in Day 150 COs
(A) Functional categorization of upregulated
genes involved in synaptic plasticity. The high-
lighted boxed segments in the bar graph at each
time point refer to IEGs.
(B) Heatmap of gene expression dynamics asso-
ciated with synaptic activity at days 10, 60, and
150 during CO development.
(C) Quantitative expression analyses of NTR/TRK
signaling and IEG activation genes regulating
synaptic plasticity at days 10, 60, and 150 during
CO development. Profiled gene members include
NTRs, the TRKB receptor, the ERK 1/2 signaling
kinase, and multiple IEG transcription factors.
Gene expression values that showed significant
differences (p < 0.05) between day 60 and day 150
time points are indicated by an asterisk. Adult
human brain cortex was included as a positive
control (n = 5 independent organoids pooled
together and 3 independent experiments per-
formed).
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newborn cortical neurons occurs through EGFR signaling

rather than through BDNF, which is expressed at low levels

during brain development but increases in expression after

birth (Puehringer et al., 2013). In contrast, we also observed

a relative increase in the levels of NGF at day 150, which

may reflect the expansion of inhibitory neurons at this

time point and agrees with a report demonstrating that

this NTR is primarily produced in GABAergic neurons

(Biane et al., 2014). In addition, in agreement with our

IHC analysis, we observed an increase in AMPA/NMDA re-

ceptor expression at day 60, which signifies thematuration

of excitatory neurons (Figure 6B). The relative expression of

these genes appears to decrease by day 150, although this

observation most likely reflects the increased population

of inhibitory neurons at this time point, which artificially

dilutes AMPA/NMDA expression levels (Figures 3 and

S5B).We did not observe a significant change in the expres-

sion levels of these genes specifically in excitatory neurons

in our scRNA-seq dataset, which supports this conclusion

(Figure S5B).

In addition, 14 IEG genes were upregulated in day 150

COs (Figure S5C). IEGs have been shown to play critical

roles in promoting synaptic formation, transmission, and

maturity (Kim et al., 2018; Lanahan and Worley, 1998),

which suggests that these genes perform similar functions

to promote EP maturation in late-stage COs. Clustering

analysis confirmed this finding and revealed 33 genes

that were upregulated in day 150 COs that consisted of

IEGs, neuronal receptor genes, postsynaptic density genes,

and others. In addition, the highest upregulated gene clus-

ter within the day 150 group comprised primarily IEGs (11/

15 genes). We next determined whether these upregulated

genes functioned within a common signaling pathway and

used the Ingenuity Pathway Analysis (IPA) software tool to

perform this bioinformatics analysis. This analysis revealed

205 canonical pathways with a default threshold (�log(p

value) > 1.3). We focused on those canonical pathways

that were both enriched in the developing human brain

and were top ranked according to their statistical signifi-

cance. Based on these criteria, we identified IL17A and

the NTR/TRK signaling pathway as the top two ranked ca-

nonical pathways (�log(p value) = 13.2 and 13.1, respec-

tively) (Table S2).We further verified whether the receptors

mediating the activation of these downstream molecules

were relevant to brain development.We noted a significant

increase in the expression of the TRKB receptor at day 140

compared with day 90 (Table S2 and Figure S5E), which

suggests NTR/TRK signaling is enriched as COs mature.

Conversely, we did not note significant changes in the

expression of IL-17RA or the related IL-17RC over time (Fig-

ure S5D and Table S4) and believe the apparent enrichment

of IL17A signaling in our IPA is a reflection of its common

downstream targets with the NTR/TRK signaling pathway.
Taken together, these findings suggest that NTR/TRK

signaling contributes to promoting synaptic maturation

in COs andmay drive complex network bursting activities.
DISCUSSION

COs have shown significant promise as three-dimensional

model systems of human brain development and have

shaped our current understanding of key neurodevelop-

mental milestones (Birey et al., 2017; Camp et al., 2015;

Hartlaub et al., 2019; Lancaster et al., 2017; Pasca, 2018;

Qian et al., 2016; Yin et al., 2016). Here we expanded

upon these studies to correlate molecular and morpholog-

ical features in COs with their EP trajectories. To accom-

plish this analysis, we used our MEA methodology to eval-

uate the transition of neural circuits from spontaneous

activity to more robust electrical features that give rise to

network bursting. This EP trajectory indicates the develop-

ment of highly connected neural networks, which is

reminiscent of the functional maturation of early brain

development. We simultaneously characterized the

morphological development of the progenitor and cortical

populations that give rise to this neuroelectrical matura-

tion with IHC and transcriptomic analyses. For instance,

we found that the emergence of GABAergic neurons in

our transcriptomic and IHC data from late-stage COs corre-

lated with the onset of mature network bursting observed

in our MEA data. We also noted the increased incidence

of neurogenic progenitor divisions, supported by increased

BTG2 expression in the transcriptome of day 140 COs,

which coincidedwith the rapid development of neural net-

works and subsequent functional maturation.

Our findings are congruent with reports by Giandome-

nico et al. and Trujillo et al. that describe network bursting

in CO slices and intact forebrain COs, respectively. These

bursting events become prominent between 4 and

6 months in culture and continue to develop nested oscil-

latory network events by 8–10months in culture. The work

presented here expands these findings by identifying the

morphological characteristics and cellular diversity that

emerge with EP maturation in whole-brain, undirected

COs. It is apparent that the organoid culture conditions

are pertinent to these developmental phenotypes, as we

observed relatively high representation of inhibitory neu-

rons as early as 4 months in organoid development

compared with other studies (Quadrato et al., 2017; Tanaka

et al., 2020; Trujillo et al., 2019).

Alternative methods that rely on calcium imaging to

evaluate neuronal network activity in COs have been

recently developed (Bershteyn et al., 2017; Lancaster

et al., 2017; Mansour et al., 2018; Sakaguchi et al., 2019;

Watanabe et al., 2017) and would greatly complement
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the analyses we report here. These methods permit the

quantitation of changes in intracellular calcium levels in

neuronal and glial cultures (Bonifazi and Massobrio,

2019; Wong, 1998) and have been adapted for use in disso-

ciated organoid cultures by Sakaguchi et al. The primary

advantage of calcium-imaging-based methods is their abil-

ity to measure functional activity with spatial resolution. A

combined approach that incorporates both calcium imag-

ing and MEA techniques would therefore provide the

advantage of analyzing functional activities with both

high temporal and spatial resolution and allow a more ac-

curate assessment of neural network dynamics in COs.

Importantly, our results highlight the translational po-

tential of COs to model neurodevelopmental disorders

that arise from aberrant neural network formation. To

date, COs have provided critical insights into the structural

etiology of several neurodevelopmental disorders,

including autism (Hou et al., 2020; Mariani et al., 2015; Pa-

pariello and Newell-Litwa, 2020; Wang et al., 2020; Zhang

et al., 2020) and epilepsy (Niu and Parent, 2020; Sun et al.,

2019). However, the characterization of neural network ac-

tivity is indispensable in several of these disorders,

including epilepsy. The combined functional, morpholog-

ical, and transcriptomic analyses of COs may be imple-

mented to characterize the developmental trajectory of dis-

ease phenotypes. Further refinement in correlating EP

properties in COs with clinically relevant measures in the

neonatal brain using EEG analysis as studied by Trujillo

et al. represents an important step in validating COs as a

functional testing model to investigate environment and

genetic insults to the neonatal brain.

In sum, our work shows that EP maturation and network

activity arising in COs is coupled with dynamic develop-

mental changes in molecular and cellular complexity.

The characterization of how EP features progress in COs

with their developmental properties is key in validating

this model for investigating molecular and cellular mecha-

nisms underlying neuroelectrical deficits associated with

neurological disorders. As an extension to this work, this

functional testing platform may be used in parallel with

morphological and transcriptomic analyses to characterize

disease-specific features of early brain development.
EXPERIMENTAL PROCEDURES

CO Culture
The human episomal-derived iPS-1 line was maintained under

feeder-free and defined, serum-free medium conditions (Burridge

et al., 2011). iPSCs were cultured in E8 medium (Thermo Fisher)

and on vitronectin-coated plates.Whole-brainCOswere generated

according to our previously described protocol (Hester and Hood,

2017). Half of the medium within tissue culture dishes was re-

placed every 4 days.
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MEA
Spontaneous extracellular field potentials inwhole-brainCOswere

acquired with a 64-channel MEA system (MED64 system, Alpha

MED Scientific) at a sampling rate of 20 kHz/channel and at

37�C using a temperature controller device. MEA probes (Alpha

MED Scientific, MED-P515A) were treated with 0.005% polyethy-

leneimine and 2 mg/mL laminin prior to recording. Three-minute

recordings were captured from four healthy COs per time point.

COs were transferred from culture to the center of the probe con-

taining the 83 8 channel array with 150 mL conditioned organoid

culture medium. Spike data were imported into MED64 Mobius

Offline software (version 1.4.5) and EP metrics were determined.

scRNA-seq
Approximately 10,000 live cells were used to generate scRNA-seq

libraries with the 103 chromium single-cell 30 V2 library kit

(103 Genomics) according to the manufacturer’s instructions,

and sequencingwas performed on aHiSeq 4000 System (Illumina).

Statistical Analyses
All statistical analyses were performed in GraphPad Prism v.8.1.2

or R v.3.6.1 and data are shown as the mean ± the SEM. Statistical

significance was analyzed using one-way ANOVA with Tukey’s

multiple comparisons tests. Symbols of statistical significance

were used as follows: *p % 0.05; **p % 0.01; ***p % 0.001; ****p

% 0.0001. All statistical analyses of EP metrics and scRNA-seq of

COs are shown in Tables S3 and S4, respectively.

See Supplemental Experimental Procedures for detailedmethods

forMEA (also see Table S5 for burst detection parameters), IHC, and

our scRNA-seq data handling pipeline.

Data and Code Availability
The accession number for the single cell RNA sequencing data re-

ported in this paper is GEO: GSE157019.
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SUPPLEMENTAL FIGURE LEGENDS 
 
Figure S1. hiPSCs Show Morphological and Molecular Features of Pluripotency 
and Can Develop into COs that Show Rapid NE Expansion in Early-Stages 
(A-B) Phase contrast images of a hiPSC colony showing epithelial morphology and dense 

growth characteristics. (C) Image of a hiPSC colony assayed for alkaline phosphatase 

activity as indicted by a purple stain. (D-E) Immunostaining for pluripotency markers 

NANOG and TRA-1-81 show robust expression in hiPSCs. DAPI is shown in blue and 

stains all nuclei. (F) Phase contrast image of uniform hiPSC clusters prepared using the 

StemPro® EZPassageTM tool prior to embryoid body formation. (G) NE bodies 

encapsulated within the center of matrigel droplets as indicated by arrows. (H) Higher-

magnification image of an enscapsulated NE body. (I-J) Immunostains of D25 COs 

showing rapid expansion and proliferation of SOX2+ NPCs as depicted by the 

proliferation marker Ki-67 and the mitosis-specific marker phospho-histone H3 (pHH3). 

DAPI stains nuclei in blue (n=4 organoids). SBs, panel A, 50 µm; panels (B-F, H), 100 

µm; panel G, 300 µm; panels (I-J), 100µm, higher magnification inserts, 30µm. 

 

Figure S2. Identification of Cell Clusters in COs Using Specific Gene Markers and 
Expansion of Neuroepithelium in D40 COs 

(A) Violin plots of previously described canonical markers for all clusters. Marker genes 

are shown along the top horizontal axis and cell clusters are visualized along the vertical 

axis. (B) D40 COs show widespread expression of the telencephalic markers LHX2 and 

FOXG1 within expanding NE folds, which is co-stained with the proliferative NE marker, 

SOX2 (n=4 organoids). SBs, panel B, 200 µm. (C) Feature UMAP plots from single cell 

RNA sequencing data for LHX2, FOXG1, and SOX2 expression in D93 and D140 COs. 

 

 
 
 



Figure S3. Dynamic Gene Expression Changes and Diversity of Cortical Neuron 
Subtypes and Columnar Organizations  
(A) Relative gene expression levels of GABA and GFAP throughout CO development, as 

determined by RT-PCR. (B) D60 COs showing representative images of immunostaining 

for the NPC marker SOX2 in VZ-like regions, the basal radial glial marker HOPX, and the 

intermediate progenitor cell marker EOMES, the cortical neuronal pre-plate marker TBR1, 

the cortical layer 1 marker REELIN, the neuronal migratory marker DCX and the deep 

layer cortical marker CTIP2. DAPI stains all nuclei and is shown in the merged image of 

each panel (n=4 organoids). SB in all merged images is 25 µm except for DCX and 

REELIN panel images where the SB is 50 µm. 

 
Figure S4. Expression of Synaptic Gene Markers in D120 and D140 COs. 
(A) IHC stains of D120 COs show MAP2+ neurons that is co-stained with the pre-synaptic 

marker, SYP, within COs. SB in top-panel images is 25 µm and lower panel images is 10 

µm (n=4 organoids). (B) Heat map depicting single cell gene expression data of dendritic, 

presynaptic, and postsynaptic from inhibitory and excitatory neurons in D140 COs.  

 

Figure S5. Single Cell Gene Expression Profiling in D93 and D140 COs. 
(A) UMAP plots of RELN expression at D93 and D140. Neuronal clusters are encircled 

to highlight the decrease in RELN+ Cajal-Retzius cells by D140. (B)  AMPA (GRIA1, 

GRIA3) and NMDA (GRIN2B) receptor expression in COs. Left to right, transcriptomic 

data are represented as: violin plots of total expression (i.e. bulk RNAseq-like) in all 

clusters, violin plots of total expression in excitatory neuron cluster only, UMAP plots of 

expression in all cell types at D93, and UMAP plots of expression in all cell types at D93. 

(C) UMAP plots of all IEGs mentioned in Figure 5 at D93 and D140. (D) UMAP plots of 

IL-17RA and IL-17RC at D93 and D140. (E) Left, UMAP plots of NTRK2 at D93 and D140. 

Right, violin plots depicting NTRK2 expression in all cell clusters at D93 and D140 (one 

independent experiment). 

 

 



Figure S6. Radial Glial Marker Analysis and Single Cell Gene Expression Profiling 
in D93 and D140 COs. 
(A) Low power composite image of HOPX, CRYAB, and SOX2 expression in D90 COs. 

White frame indicates reference for panel B. (B) High power merged and single channel 

images from inset in panel A. (C) Representative panels of radial glia organization around 

ventricular-like structures in D90 (left) and D140 (right) COs (n=4 organoids). (D) 
Expression of radial glia markers CRYAB, HOPX, and SOX2 in all cell clusters at D93 

and D140. (E) Expression of astrocyte markers S100B, AGT, GFAP, and AQP4 in all cell 

clusters at D93 and D140. SB, panel A, 100 µm. All SBs in panel B, 50 µm. SBs, panel 

C, 20 µm. 

 

Table S1. List of primary antibodies and corresponding information used for 

immunofluorescence studies. 
 
Table S2. Top Canonical Pathways Enriched in D150 COs. Top-ranked canonical 

pathways enriched in D150 COs, as indicated by Ingenuity Pathway Analysis (IPA) 

software. Significance is determined by IPA’s default threshold [–log (p-value)>1.3]. The 

number of genes associated with each canonical pathway is shown from a total of 33 

differentially upregulated genes. **Denotes the pathway is associated with NTR/TRK 

signaling. 

 

Table S3. Comprehensive statistical analyses of EP data as shown in Figure 3. Refer to 

associated excel file. 

 

Table S4. Statistical summary data from scRNA sequencing analyses as shown in Figure 

S8. 

 

Table S5. Burst detection parameters used in Mobius Offline Software. 

 

 

 



TABLES 

Table S1. List of primary antibodies and corresponding information used for 
immunofluorescence studies. 

Antibody  Full Name Description Vendor Catalog # Species Dilution 
CRYAB Alpha B Crystallin Truncated radial glial (tRG) 

marker Abcam ab13496 Ms 1:300 

CTIP2 COUP-TF-interacting 
protein 2 Deep cortical layer 5 marker  Abcam ab18465 Rat 1:500 

DCX Doublecortin 
Microtubule-associated 
protein associated with 
neuronal migration 

Santa 
Cruz sc-8066 Gt 1:200 

FOXG1 Forkhead Box G1 Dorsal forebrain marker Abcam ab18259 Rb 1:1000 

GABA γ-aminobutyric acid Major inhibitory 
neurotransmitter in the CNS Sigma A2052 Rb 1:500 

GFAP Glial fibrillary acidic protein Astrocyte marker DAKO Z033429-2 Rb 1:300 

HOPX HOP Homeobox Outer radial glia marker Santa 
Cruz sc-30216 Rb 1:1000 

KI67 Proliferation Marker 
Protein Ki-67 

Marker of all active phases 
of the cell cycle (G1, SG2, 
M) 

Abcam ab15580 Rb 1:200 

LHX2 LIM Homeobox 2 Dorsal forebrain marker Abcam ab184337 Rb 1:200 

MAP2 Microtubule Associated 
Protein 2 

Mature neuronal, dendritic 
marker Millipore AB5622 Rb 1:300 

NANOG Homeobox Transcription 
Factor Nanog Pluripotency marker R&D Sys. AF1997 Gt 1:200 

NEUN Neuronal nuclei Nuclear localized, mature 
neuronal marker Millipore MAB377 Ms 1:500 

PAX6 Paired Box Homeotic 
Gene-6 

Ventricular radial glial 
marker/forebrain marker Biolegend 901301 Rb 1:300 

pHH3 Phospho-Histone H3 M-phase specific 
proliferation marker Millipore 06-570 Rb 1:500 

PVA Parvalbumin 
Ca2+-binding, cortical 
GABAergic interneuron 
marker 

Swant PV27 Rb 1:300 

P-VIMENTIN Phosphorylated Vimentin  Dividing radial glial (RG) 
marker MBL D076-3S Ms 1:1000 

RELN Reelin Marginal zone/cortical layer 
1 marker Millipore MAB5366 Ms 1:300 

S100 Beta S-100 calcium-binding 
protein, beta chain 

Glial specific marker 
expressed by a subtype of 
mature astrocytes. 

Sigma s26-44 Rb 1:300 

SATB2 Special AT-rich sequence-
binding protein 2 

Superficial, late-born cortical 
layer II-IV marker Abcam ab51502 Ms 1:300 

SMI32 
clone SMI-32, non-
phosphorylated 
neurofilament H 

Neural axonal marker Millipore NE1023 Ms 1:1000 

SOX2 SRY-Box 2 Neural progenitor cell 
marker 

Santa 
Cruz sc-17320 Gt 1:200 

SST Somatostatin 

Neuropeptide that is specific 
to a class of cortical 
GABAergic interneuron 
subtype 

Santa 
Cruz sc-74556 Rb 1:300 

SYP Synaptophysin Pre-synaptic neural marker Millipore MAB329 Ms 1:1000 

TBR1 T-Box, Brain 1 Early born, pre-plate cortical 
marker Abcam Ab31940 Rb 1:500 

TBR2 T-Box, Brain 2 Intermediate progenitor (IP) 
marker Abcam Ab23345 Rb 1:300 

TRA-1-81 Podocalyxin 
Surface protein expressed 
on human pluripotent stem 
cells 

Thermo- 
Fisher 41-1100 Ms 1:200 

TUJ1 Neuron-specific Class III β-
tubulin Immature neural marker Biolegend 801201 Ms 1:500 

VGLUT1 Vesicular glutamate 
transporter 1(SLC17A7) 

Glutamatergic (excitatory) 
neural marker Millipore MAB5502 Ms 1:300 



 
 
Table S2. Top Canonical Pathways Enriched in D150 COs. Top canonical pathways 
enriched in D150 COs and associated [–log (p-value). Significance is determined by IPA’s 
default threshold [–log (p-value)>1.3]. The number of genes associated with each 
canonical pathway is shown from a total of 33 differentially upregulated genes. **Denotes 
the pathway is associated with NTR/TRK signaling. 
 

Canonical Pathways -log(p-value) Associated Number of 
Genes (from a total of 33) 

1.) IL-17A Signaling in Fibroblasts 13.2 7 
2.) **Neuropathic Pain Signaling In Dorsal Horn 

Neurons 13.1 9 
3.) Synaptic Long Term Potentiation 10.9 8 
4.) IL-17A Signaling in Gastric Cells 9.53 5 
5.) Neuroinflammation Signaling Pathway 9.21 9 
6.) Role of Macrophages, Fibroblasts and 

Endothelial Cells in Rheumatoid Arthritis 9.09 9 
7.) PI3K Signaling in B Lymphocytes 8.94 7 
8.) Neurotrophin/TRK Signaling 8.59 6 
9.) Estrogen-Dependent Breast Cancer Signaling 8.5 6 
10.) Regulation of IL-2 Expression in Activated 

and Anergic T Lymphocytes 8.5 6 
 
 
Table S3. Comprehensive statistical analyses of EP data as shown in Figure 3. Please 
see associated excel file. 
 
Table S4. Statistical summary data from scRNA sequencing analyses as shown in 
Figure S8. 
 

Gene p_val avg_diff pct.1 
(d93) 

pct.2 
(d140) p_val_adj 

CEBPD 5.67E-39 -0.2878 0.031 0.1 1.17E-34 
NTRK2 1.33E-37 -0.37999 0.11 0.207 2.73E-33 
JUNB 1.06E-25 -0.73513 0.18 0.266 2.18E-21 
JUN 8.47E-17 0.008603 0.612 0.509 1.74E-12 
EGR1 1.26E-11 0.258736 0.579 0.527 2.59E-07 
EGR2 1.91E-10 -0.07197 0.077 0.116 3.93E-06 
CEBPB 0.000381 -0.01504 0.059 0.042 1 
IL17RA 0.023139 -0.01094 0.026 0.035 1 
EGR3 0.028882 -0.02342 0.051 0.061 1 
IL17RC 0.139015 0.00363 0.024 0.02 1 
RELA 0.287542 -0.00825 0.122 0.13 1 
FOS 0.296907 -0.33782 0.441 0.456 1 

 



 
Table S5. Burst detection parameters utilized in Mobius Offline Software. 

Burst Detection Parameters    
maximum interval to start burst 300ms 
maximum interval to end burst 301ms 
minimum number of spikes in a burst* 10 spikes 
minimum duration of a burst 50 ms 
minimum interval between bursts 200ms  
*except for the D34 time point containing 5 minimum number of spikes   
    
    
Network Burst Detection Parameters   
minimum percentage of active electrodes  25% 
minimum threshold  1,100 spikes/second 
bin size 100ms 

 

 

 



 

SUPPLEMENTAL EXPERIMENTAL PROCEDURES 
Immunofluorescence analysis. COs, from various designated developmental time 

points (n=4 from each developmental stage), were transferred to a 4% paraformaldehyde 

(PFA) solution in PBS and allowed to fix overnight at 4°C. COs were then transferred to 

a 10% sucrose/PBS solution and allowed to sink before transferring to a 30% 

sucrose/PBS solution. After COs sank within the 30% sucrose/PBS solution, they were 

transferred to an embedding tray and immersed in O.C.T (Sakura, Tokyo, Japan). Without 

introducing air bubbles, COs were then gently moved within the center of the O.C.T 

solution with a pipette tip. Embedded COs were then rapidly frozen in a dry ice/methanol 

bath, transferred to a cryostat chuck, and sectioned at 20µm slices using a cryostat 

(ThermoFisher). Sections were placed onto positively charged glass slides and stored at 

-20 °C until further immunofluorescence analysis. To perform immunofluorescence 

analysis, sections were re-hydrated with Tris-buffered saline (TBS), and then incubated 

in blocking solution containing 0.1% triton X-100 and 10% donkey serum in TBS for 1 

hour at RT. Organoid sections were then incubated with primary antibodies at the 

concentrations designated in Table S1 for 24 hours at 4°C. Sections were then washed 

with TBS three times for five minutes each before incubation with the secondary Alexa 

Fluor conjugated antibodies (ThermoFisher) at a 1:500 dilution in blocking solution for two 

hours at RT. After this incubation, sections were washed with TBS three times for five 

minutes each and cover-slipped with ProLong Gold Antifade Mountant with DAPI. Primary 

antibodies and their corresponding descriptions used in this study are shown in Table S1. 

Confocal microscopy acquisition was performed with a Zeiss LSM confocal fluorescence 

microscope (models 700 and 800). Fluorescence intensity of GABA and GFAP labeling 

was performed by acquiring low power images of whole organoid sections from 4 

separate COs and then were analyzed using ImageJ software. 

 

Gene expression and pathway analysis. Profiling for genes involved in synaptic 

plasticity was performed using the RT2 Profile PCR Array human synaptic plasticity kit 

(Qiagen, Cat # PAHS-126A-2) and the RT2 SYBR Green/ROX PCR Master mix (Qiagen, 

Cat # 330522) using an ABI Step One plus Real time PCR machine. This gene array 



includes primers for 84 transcripts involved in synaptic plasticity, thus allowing for 

identification of novel gene expression pathways. In brief, total RNA was extracted and 

purified from the iPS-1 cell line, neuroectodermal bodies, and from the pooling of 5 COs 

from designated time points using the RNeasy Plus Mini Kit (Qiagen). Three independent 

qRT-PCR experiments were performed from all samples in this analysis. Data analyses 

were performed using the GeneGlobe Data Analysis Center Software available on the 

Qiagen website (https://www.qiagen.com/us/shop/genes-and-pathways/data-analysis-

center-overview-page/). Normalization of gene expression was performed using a set of 

five housekeeping genes and fold regulation was calculated relative to the control iPS-1 

cell line. The web tool called Clustvis was used to cluster the row of genes using the 

Euclidean average clustering method (Metsalu and Vilo, 2015). Fold-change values 

relative to control hiPSCs were used as input for Clustvis. Genes that were upregulated 

at three-fold or higher levels within samples relative to control were uploaded into the 

Ingenuity Pathway Analysis software to identify canonical pathways that involve the 

upregulated genes, which were then ranked by a statistical scoring algorithm using p-

value calculations.  

scRNA-seq sample analysis and data processing. Each CO was dissociated into a 

single cell suspension using a gentleMACS Octo Dissociator (Miltenyi) according to the 

manufacturer's 37-ABDK02 protocol. In brief, COs were placed in a gentleMACS C Tube 

(one organoid per C-tube, Miltenyi, 130-093-237) that contained a 2mL solution of 

Accumax (Sigma, A7089) and then processed on the Octo Dissociator. A 10mL solution 

of dPBS with 0.04% BSA (Sigma, A9418) was then added to each sample and filtered at 

70μm to remove debris. Cell mixtures were then pelleted and resuspended in 1mL 

dPBS/0.04% BSA. Suspensions were subjected to a second filtration step with a 40μm 

Flowmi® cell strainer (Sigma, BAH136800040). The concentration and viability of each 

suspension was determined with a trypan blue stain and hemocytometer.  

Raw base call sequencing data were demultiplexed in Illumina’s bcl2fastq and 

subsequently processed with the 10x Genomics Cell Ranger (v3.1.0) pipeline using data 

quality that was assessed with the ‘count’ function summary output (D93: 6,172 cells, 

23,932 mean reads per cell, 1,762 median genes per cell, 3,988 median UMI counts per 



cell; D140: 4,479 cells, 25,435 mean reads per cell, 1,910 median genes per cell, 4,458 

median UMI counts per cell) prior to downstream analysis.  

Count matrices were loaded into Seurat v3.1.0 (Butler et al., 2018; Stuart et al., 2019) to 

remove batch effects and apply standard quality control parameters. In brief, cells with 

<200 and >5,000 unique features or >20% mitochondrial reads were removed from the 

datasets (4,491 cells from D93 and 4,087 cells from D140 passed). Each organoid’s raw 

UMI count was normalized to its respective total UMI using log-normalization with a scale 

factor of 10,000 and the top 2,000 variable features per object were identified prior to 

integration. Integration anchors were identified with 30 principal components and used to 

combine the two organoid datasets into a single object with a total of 8,578 cells. Then, a 

linear transformation and dimension reduction analysis (PCA) was applied prior to running 

a uniform manifold approximate and projection analysis. The dimensionality of this 

analysis was determined with an elbow plot rank. The FindNeighbors (PCA reduction, 20 

dimensions) and FindClusters (0.5 res, 20 dim) Seurat functions were used to carry out 

KNN unbiased clustering resulting in a total of 13 unbiased clusters. Each cluster’s 

conserved differentially expressed genes were identified with the FindAllMarkers function 

(Wilcoxon test, min.pct = 0.25, minlogFC = 0.25). These criteria were further refined to 

only consider a minimum 1.0 log-fold change and two-sided t-test p<0.05. The ratio of 

cells within a given cluster to cells within all other clusters expressing a given marker was 

also taken into consideration for each defining marker. After evaluating inter- and intra-

cluster expression patterns of characteristic canonical markers (Cakir et al., 2019; 

Quadrato et al., 2017; Velasco et al., 2019) clusters were collapsed into nine categories. 

Further integrated analyses and visual representations were generated with Seurat and 

its dependencies. 

MEA. Acquisition of spontaneous extracellular field potentials in whole-brain COs was 

acquired with a 64-channel MEA system (MED64 system, Alpha Med Scientific) at a 

sampling rate of 20 kHz/channel and at 37°C using a temperature controller device. The 

MED64 system was connected to a Dell Precision T1700 Tower workstation equipped 

with an Intel Core i7 4790 (3.6 Ghz) processor. MEA probes (Alpha Med Scientific, Cat # 

MED-P515A, 64 electrodes, 50µm diameter/100µm spacing) were treated with 0.005% 



Polyethyleneimine (PEI) in 25 mM borate buffer (pH 8.4) for ten minutes at RT and then 

coated with Laminin (Thermofisher, Cat # 23017-015) at a concentration of 2 µg/ml and 

incubated at 37°C for one hour prior to recording. At D34, we selected 20 COs with similar 

shape and size that lacked cystic structures to record. We randomly selected 4 of the pre-

selected COs at each time point to perform our analyses. To record EP signals, COs 

(n=4) were transferred from culture to the center of the probe containing the 8x8 channel 

array using a 1mL pipette with a 1mL tip that was previously cut to a 5mm diameter. 

Conditioned organoid culture media (approximately ~150 µl) was then placed on the 

surface of the probe to allow the CO to maintain close proximity with the microelectrodes. 

Three-minute recordings were performed from all 64 electrode sites, similar to previous 

studies (Kathuria et al., 2020; Trujillo et al., 2019). Once complete, the COs were placed 

back into long-term shaking culture conditions. Spikes were detected from raw data using 

a threshold of 4.25x the SD of the raw signal (Figure 1). Spike data were then imported 

into MED64 Mobius Offline software (Version 1.4.5) and EP metrics were determined. 

Electrodes are defined as active by detecting at least 5 spikes/minute (McConnell et al., 

2012; Novellino et al., 2011). See Table S5 for burst detection parameters.   
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