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SUMMARY

Functional cochlear hair cells (HCs) innervated by spiral ganglion neurons (SGNs) are essential for hearing, whereas robust models that
recapitulate the peripheral auditory circuity are still lacking. Here, we developed cochlear organoids with functional peripheral auditory
circuity in a staging three-dimensional (3D) co-culture system by initially reprogramming cochlear progenitor cells (CPCs) with increased
proliferative potency that could be long-term expanded, then stepwise inducing the differentiation of cochlear HCs, as well as the
outgrowth of neurites from SGNs. The function of HCs and synapses within organoids was confirmed by a series of morphological
and electrophysiological evaluations. Single-cell mRNA sequencing revealed the differentiation trajectories of CPCs toward the major
cochlear cell types and the dynamic gene expression during organoid HC development, which resembled the pattern of native HCs.
We established the cochlear organoids with functional synapses for the first time, which provides a platform for deciphering the mech-

anisms of sensorineural hearing loss.

INTRODUCTION

Organoids provide promising platforms for disease
modeling, drug discovery, and therapeutical strategy estab-
lishment (Sun et al., 2021; Wang et al., 2021). Due to the
immense self-organizing capacity of stem cells in verte-
brates, a wide variety of organoids from tissue-specific
stem/progenitor cells or pluripotent stem cells (PSCs)
have been generated to recapitulate some of the original as-
pects of the tissue organization, cellular composition, and
function of organs, including the brain, intestine, liver,
and lung (Basak et al., 2017; Huch et al., 2015; Lancaster
etal., 2013; Nichane et al., 2017). However, most organoids
represent only a specific part of the target organ, and they
have severe limitations in modeling disorders or diseases
involving interactions between distinct functional regions.
Thus, a more comprehensive strategy, such as integrating
different areas or vascularization, would enable organoid
cells to better achieve functionalization (Giandomenico
et al., 2019; Homan et al., 2019; Tao et al., 2021).

Inner ear organoids have been induced stepwise from hu-
man or mouse PSCs in three-dimensional (3D) culture
(Koehler et al., 2013, 2017). They harbor a layer of tightly
packed hair cells (HCs) (Koehler et al., 2017; Liu et al.,

2016) that closely resemble the structural and biochemical
characteristics of the vestibular HCs that are responsible for
the sensation of head movement and gravity, rather than
cochlear HCs that are responsible for sound detection.
The lack of cochlear HCs in inner ear organoids derived
from PSCs might be because of missing cues from the
cochlear compartment or the complicated assortment of
local inductive signals during inner ear development.

The tissue-specific stem cells, or progenitors, serve as
another resource for generating cochlear organoids. We
previously defined the residing stem cells from the adult
mouse vestibular sensory epithelium (Li et al., 2003), and
studies have also shown that cells with proliferative capac-
ity can be isolated from the cochlea, and that these prolif-
erative progenitor cells are Wnt-responsive LGR5* support-
ing cells (SCs) (Bramhall et al., 2014; Shi et al., 2012).
Although, unlike the stem cells/progenitors from other
epithelial tissues, such as the intestine, LGR5" cochlear pro-
genitors cannot effectively expand and replace lost HCs.
They can be induced to a limited proliferative state under
specific conditions in vivo (Li et al., 2015; Shi et al., 2012).
The factors used in previous conditions for inner ear orga-
noid culture from LGR5" progenitors provide essential but
inadequate cues for long-term propagation of LGR5S* CPCs
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Figure 1. Generation of cochlear organoids from single CPCs in the chemical-defined culture system

(A) A schematic of the experimental strategy for generating cochlear organoids from CPCs.

(B) Representative bright-field images of cultured organoids (P0) from single CPCs under the indicated conditions. Scale bar, 150 pum.
(C) Quantifying organoid-forming efficiency under the indicated conditions (n = 6 independent experiments). The data are presented as
means + SEM. **p < 0.01, "p > 0.05 (one-way ANOVA followed by Tukey’s multiple comparisons test).

(D) Quantification of organoid size in different media. Each dot represents an organoid. 96-101 organoids at each condition, three in-
dependent experiments. The data are presented as means + SEM. **p < 0.01 (one-way ANOVA followed by Tukey’s multiple comparisons
test).

(legend continued on next page)
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(McLeanetal., 2017; Kubotaetal., 2021). Meanwhile, there
is no evidence that CPC-derived organoids recapitulate the
morphological, transcriptomic, or functional characteris-
tics of cochlear compartments using the currently available
protocols.

During the inner ear development, a signal from the
adjacent auditory spiral ganglion induced the timing of
terminal mitosis of sensory HC precursors and their subse-
quent differentiation (Bok et al., 2013). Considering the
essential role of spiral ganglion neurons (SGNs) in
shaping the micro-environment of the cochlear compart-
ment, neuron-innervated organoids from cochlear pro-
genitors might better achieve the maturation and func-
tionalization of organoid HCs. Furthermore, establishing
functional synapses in the organ of Corti is pivotal for
the perception of auditory signals (Johnson et al., 2009;
Safieddine et al., 2012). Generating the cochlear organo-
ids with functional peripheral synaptic connections
within this co-culture system will benefit the understand-
ing of morphological, physiological, and molecular char-
acteristics of the HC synaptic machinery, which is critical
to auditory perception.

In the current study, we screened multiple compounds
and growth factors to generate comprehensive cochlear or-
ganoids that integrate the sensory HCs and transmission
neurons. With the new culture system, we identified
more HCs within the innervated organoids that resembled
the features of cochlear HCs, a portion of which could form
functional synapses with neurons. Meanwhile, single-cell
mRNA sequencing revealed that the differentiation trajec-
tories of CPCs recapitulate the early development of
cochleae. Thus, we developed the cochlear organoids
with functional synapses for the first time, which can be

used for modeling the sensorineural hearing loss caused
by the degeneration of both HCs and synapses in vitro.

RESULTS

Optimized culture condition for the expansion of
cochlear progenitor cells

To identify the optimal condition to enhance the expan-
sion of CPCs, we systematically screened factors that target
several key signaling pathways during development,
including the Wnt, Shh, BMP4, and Hippo pathways
(Bok et al., 2013; Chai et al., 2012; Gnedeva et al., 2020;
Lietal., 2005). Based on the medium containing epidermal
growth factor (EGF), basic fibroblast growth factor (bFGF),
and insulin-like growth factor (IGF) (EFI) for sorted CPCs,
we found that CHIR99021 (CHIR) (a glycogen synthase
kinase-3 inhibitor for Wnt signaling activation) combined
with lysophosphatidic acid (LPA) (one of the essential
bioactive phospholipids) allowed for the highest organoid
formation capacity (Figures SIA-S1F). Y-27632, a Rho ki-
nase inhibitor, has been verified to promote the survival
of dissociated cells (Watanabe et al., 2007). We found that
Y-27632 had a pro-survival effect during days 0-4 in pas-
sage (P) O (started with single cells) and days 0-1 in P1
(started with organoid fragments) (Figures S1G and S1H).
Thus, we established an optimal strategy for increasing
the self-renewal capacity of CPCs: during days 0-1, EFI
with CHIR and Y-27632 were supplied, maintaining the
survival and vitality of fluorescence-activated cell sorting
(FACS)-sorted LGR5* CPCs. Then LPA is included to replace
Y-27632 for promoting the self-renewal of CPCs and subse-
quent cell division (Figure 1A; Video S1). To further assess

(E) Quantification of organoid viability cultured in expansion medium or medium where one specific component was removed (n = 5

independent experiments).

(F) Representative fluorescence images showing the cochlear progenitor cell marker LGR5 expression as indicated by EGFP in PO organoids

(day 8). Scale bar, 500 pum.

(G) Immunofluorescence analysis of PO organoids at day 8 showing the expression of stem cell marker SOX9 and the epithelial cell marker

E-CADHERIN. Scale bar, 50 pum.

(H) Immunofluorescence analysis of organoids at day 8 showing the expression of the proliferative cell marker KI67 and the cytoskeleton

protein F-ACTIN. Scale bar, 50 pum.

(I) A schematic of the experimental strategy of comparing the pro-proliferative effect of the three different conditions. EFI refers to EGF,
bFGF, and IGF; EFICVP6 refers to EGF, bFGF, IGF, CHIR, VPA, pVc., and 616452; EFICL refers to EGF, bFGF, IGF, CHIR, and LPA.

(J) Real-time PCR analysis showed the relative expression of proliferation-related genes. Results were normalized to GAPDH in the same
sample and then normalized to the expansion group (n = 3 independent experiments). The data are presented as means + SEM. *p < 0.05,
**p < 0.01 (one-way ANOVA followed by Tukey’s multiple comparisons test).

(K) Representative bright-field images of cultured organoids under the indicated conditions. Scale bar, 100 pm.

(L) Quantification of organoid size in different media. 50 organoids at each condition, three independent experiments. The data are
presented as means + SEM. **p < 0.01 (one-way ANOVA followed by Tukey’s multiple comparisons test).

(M) Luminescent cell viability assay measuring CPCs cultured in the indicated conditions (n = 3 independent experiments). The data are
presented as means + SEM. **p < 0.01 (one-way ANOVA followed by Tukey’s multiple comparisons test).

(N) Heatmap of inner ear gene expression determined by mRNA sequencing of organoids cultured in the three conditions: essential
expansion medium alone, + CHIR, and + CHIR + LPA (n = 3 independent experiments).
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Figure 2. The regenerative effect of the expansion components and characterization of the stably expanded organoids

(A) A schematic of the experimental strategy of the regenerative effect of the expansion medium.

(B) Representative fluorescence images showing MYO7A, SOX2, and 5-Ethynyl-2"-deoxyuridine (EdU) staining of cochlear epithelium
treated with vehicle, EFIC, or EFICL. Scale bar, 100 um. Quantification of the number of MYO7A, MYO7A*/S0X2*, and MYQ7A/SOX2*/EdU*
cells in the indicated treatments. n = 6 cochlear explants at each condition, three independent experiments. The data are presented as
means + SEM. *p < 0.05, **p < 0.01 (one-way ANOVA followed by Tukey’s multiple comparisons test).

(C) Confocal images showing MYO7A and EdU staining, along with LGR5-tdTomato, in cochleae treated with vehicle or EFICL. Scale bar,
100 pm.

(D) Confocal images showed EdU staining, along with ATOH1-tdTomato, in cochleae treated with EFICL. Scale bar, 100 pum.

(E) Quantification of the passage number of organoids cultured in the indicated medium (n = 4 independent experiments).

(F) Immunofluorescence analysis of passage 0 (day 7), passage 4 (day 33), and passage 9 (day 85) organoids showed the expression of
K167 and E-CADHERIN. Scale bar, 50 um.

(legend continued on next page)
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the requirement of each component in the expansion me-
dium for CPC proliferation, we individually removed every
ingredient on day 1, which resulted in a decreased number
and size of organoids and reduced cell viability after 10 days
of culture, especially withdrawing CHIR (Figures 1B-1E).
The results indicate that each component is essential for or-
ganoids’ optimal formation from LGR5" CPCs. Meanwhile,
we verified that typical markers for epithelial progenitor
cells, including LGRS, SOX9, and E-CADHERIN, were sus-
tained in the robust proliferating CPC-derived organoids
(Figures 1F-1H).

Then we compared the proliferative capacities of CPCs
in our expansion medium with that in the “7F” medium
(McLean et al., 2017). Passaged CPCs cultured in the me-
dium containing EGF, bFGF, IGF, and CHIR (EFIC) were
transferred into the medium containing EFI, new combi-
nations (EGF, bFGF, IGF, CHIR, and LPA [EFICL]), and
“7F” (EGE, bFGF, IGF, CHIR, valproic acid [VPA], 2-phos-
pho-L-ascorbic acid [pVc], 616452) (Figure 1I). We
observed that CPCs in our expansion medium acquired
significantly increased proliferative ability, which was
indicated by the enhanced expression of proliferative
markers (Figure 1J), increased size of organoids
(Figures 1K and 1L), and augmented cell viability
(Figure 1M).

We further investigated the effect of the additional in-
gredients in the CPC expansion medium on the transcrip-
tome signature of cultured LGRS" progenitor cells. Ac-
cording to the results from microarray analysis, multiple
markers for SCs (SFRP1, COL9A1, COL11A1, and SOX2)
were downregulated by CHIR, which indicates that dedif-
ferentiation processes were involved in the enhanced
expansion of LGRS* progenitors in vitro (Figure 1N).
Meanwhile, the markers for progenitors (LGRS, AXIN2,
and MYC), as well as some critical genes for inner ear
development (GBX2, PRRX1, HMGA1, ALDH1A2, and
PTPRV), were further upregulated by the combination of
CHIR and LPA, which indicates that the combination re-
programmed LGRS5™ progenitors into a relatively earlier
stage.

The enhanced proliferative capacity and extended
passages of CPCs

We evaluated the effects of our new expansion medium
EFICL on the more physiologically relevant inner ear tissue
(Figure 2A). After 4 days of EFICL treatment, the mitotic HC
regeneration of cochlear explants abundantly indicated by
the increased MYO7A™ total HCs, MYO7A*/SOX2* young
HCs, and MYO7A*/SOX2*/EAU* new HCs from the prolif-
eration of LGRS™ progenitor cells (Figures 2B and 2C).
Remarkably, with another innate HC tracing model,
ATOH1-tdTomato mice, we identified that some innate in-
ner hair cells (IHCs) re-entered the cell cycle and incorpo-
rated EAU (Figure 2D), which provided the first piece of ev-
idence that the innate HCs could also be activated into the
proliferative status with those potent compounds.

We next cultured CPCs in the expansion system under
series passages. We confirmed that no apparent organoids
were formed from LGRS™ cells after 10 days in the expan-
sion conditions (Figures S2A and S2B). The LGRS™ progen-
itor cells were expanded and passaged every 8-10 days at a
ratio of 1:6-1:8. We noticed that CHIR and LPA could
significantly increase the survival time and passage number
of LGRS" progenitors to about 3 months and nine passages.
Organoids maintained the epithelial property during the
long-term culture (Figures 2E-2G and S2C).

We further evaluated the genetic stability during pas-
sages, and the cochlear organoids clustered more closely
with E-CADHERIN* sensory epithelium instead of the
sorted LGRS" progenitors. The transcriptomes of PO and
P4 organoids were highly similar (Figures 2H and S2D),
which indicated that the organoids maintain gene stability
during early passages. Compared with the sorted LGR5*
progenitors, the expression levels of 5,997 genes were
significantly changed in the organoids with a fold change
>5 (p < 0.05). Gene set enrichment analysis (GSEA) re-
vealed the significant enrichment of genes involved in
epithelial cell proliferation, sensory organ development,
and stem cell maintenance in the organoids (Figures 2I
and S2E). The proliferation-associated genes, such as
MKI67, CCND1, MYC, TOP24, and YAPI, and the Wnt

(G) Quantification of KI67* cells of different passage organoids from (F) (nine organoids at each condition, three independent

experiments).

(H) A correlogram of the transcriptomes of the indicated cell types was analyzed by Pearson’s correlation coefficient (n = 3 independent

experiments).

(I) GSEA of differentially expressed genes in organoids at passage 0 versus primary Lgr5* progenitor cells.

(J) Scatterplot showing differential gene expression comparing passage 0 organoids and primary LGR5* CPCs based on fold change >5 and
p < 0.05). Red plots indicate significantly upregulated genes, and green plots indicate significantly downregulated genes.

(K) Immunofluorescence analysis of passage 0 organoids on day 8 showing the expression of YAP and B-CATENIN. Scale bar, 50 um.
(L) Immunofluorescence analysis of passage 0 organoids showing the expression of ATOH1 and the HC bundle markers ESPIN and F-ACTIN.

Scale bar, 50 pum.

(M) Transmission electron microscopy analysis of organoids in expansion medium with microvilli, nuclear fission, and plentiful mito-
chondria. No stereocilia-like protrusions were found. Scale bars, 5 um.
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Figure 3. Generating SGN-innervated cochlear organoids with functional auditory circuits

(A) A schematic of the experimental strategy for generating SGN-innervated cochlear organoids by 3D co-culture of cochlear organoids and
SGNs.

(B) Bright-field image of co-cultured organoids and SGNs at day 0. Scale bar, 100 um.

(C) Schematic representation of the peripheral auditory circuit where HCs in the cochlear epithelium connect with SGNs.

(D) Fluorescence images of the co-culture system showed the innervation of ATOH1* organoid HCs by tracts from TUJ1* SGNs at day 16.
Scale bar, 100 um.

(E) Higher magnification of the HC region shows the TUJ1" SGN neurites in contact with ATOH1" HCs. Scale bar, 25 pum.

(legend continued on next page)
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signaling genes (AXIN2 and LEFI1) were upregulated in
organoids (Figure 2J). In contrast, the marker genes of SC
subsets (LFNG, FGFR3, APOE, TECTB, and GJB6) were
significantly downregulated. Immunofluorescence anal-
ysis confirmed the high expression of YAP (a Hippo
pathway effector) and B-CATENIN (a Wnt pathway
effector) in the cultured organoids (Figure 2K). These re-
sults suggest that LGRS™ progenitor cells were partially re-
programmed into an epithelial stem cell-like status with
higher proliferative potency, which might be partly attrib-
uted to the activation of the Wnt and YAP signaling.

We observed a few ATOH1-EGFP™ cells from the organo-
ids cultured in the expansion medium (Figure S2F), a small
portion of which also expressed MYO7A without F-ACTIN
or ESPIN-labeled stereocilia (Figures 2L and S2G). Transmis-
sion electron microscopy showed only microvilli at the api-
cal surface protruding into the lumen (Figure 2M). The
prominent nuclei with nuclear fission, plentiful mitochon-
dria, and tight junctions further confirmed the absence of
differentiated structures in the organoid cells.

Establishing a staging 3D co-culture system for
generating the innervated organoids with function

To fully mimic the auditory unit in vitro, we screened mul-
tiple factors for inducing the differentiation of cochlear
HCs, promoting the survival and outgrowth of neurites,
and forming functional synapses simultaneously in a
cochlear organoid and neuron co-culture system. Notch in-
hibition is the dominant strategy for inducing the differen-
tiation of HCs (Li et al., 2015; Roccio et al., 2018), and we

found that LY411575 (LY), a y-secretase inhibitor, could
generate numerous MYO7A" cells and trigger apoptosis,
while the side effect could be alleviated by 10 ng/mL
bFGF (Figures S3A-S3C). In addition, we found that bone
morphogenic protein 4 (Bmp4), retinoic acid (RA), and
LY could promote the differentiation of progenitors into
HCs with an F-ACTIN-labeled stereocilia structure
(Figures S3D-S3E). Meanwhile, we identified that Shh,
transforming growth factor Bl (TGF-pl), and RA could
also facilitate the survival of dissociated SGNs and promote
the outgrowth of neurites based on bFGF and brain-derived
neurotrophic factor (BDNF). At the same time, LY, a deci-
sive promoting factor for HC differentiation, could signifi-
cantly reduce the survival of dissociated SGNs
(Figures S4A-S4C). Unlike the dissociated neurons, the
neurite growth of cultured SGNs from primary tissue was
arrested by TGF-B1 but significantly promoted by A83-01
(Figures S4D and S4E). Based on the results, we defined
an optimal staging in vitro co-culture system, which started
with a cocktail of bFGF, BDNF, Shh, A83-01, RA, and LY dur-
ing the initial 5 days, then removed LY in the subsequent
culture (Figure 3A).

We observed that SGNs could survive up to 60 days in the
optimized co-culture medium, and the length of neurites
could reach 4.59 + 0.1 mm after 30 days of culture
(Figures S4F and S4G). In the co-culture system, the
expanded organoids and the freshly dissected SGNs from
the modiolus of post-natal mice were seeded at 100- to
300-um intervals in a Matrigel droplet (Figure 3B). Like
the peripheral auditory circuit (Figure 3C), we observed

(F) Immunofluorescence analysis showed that TUJ1* neurites surrounded the MYO7A* HCs. Scale bar, 25 um.

(G) Representative fluorescence images of co-cultures at day 30 showing TUJ1" SGN axon projections into ATOH1" HCs with CTBP2*
presynaptic vesicles (left) and higher magnification of the SGN terminals of the selected region in contact with CTBP2* presynaptic vesicles
(right). Scale bar, 50 pm.

(H) Representative fluorescence images showing the presence of CTBP2* presynaptic vesicles and PSD95* postsynaptic vesicles in the
MYO7A* HCs (left). Scale bar, 25 pum. Higher magnification of the HC region showing the CTBP2* presynaptic vesicles co-localized with
PSD95* postsynaptic vesicles (right). The circle represents the localization of HCs.

(I) Fluorescence microscopy images of SGNs transfected with adeno-associated virus (AAV) DJ-Chrimson-Scarlet. Scale bar, 50 pm. The
right representative images showed the red light-induced spiking traces of SGNs at 5 mW/mm?.

(J) Bright-field and fluorescence microscopy image of co-cultured organoids and SGNs at day 30. SGNs transfected with AAV 2/9-hSyn-
GCaMP6S. Scale bar, 100 pm.

(K) Representative calcium imaging of SGNs in co-cultures at day 30. Scale bar, 100 um. The single-cell tracings of the region of interest
(ROI). Time is shown in seconds (s).

(L) Quantification of the percentage of firing SGNs on day 30 of SGN-innervated cochlear organoids under spontaneous conditions or after
L-glutamate treatment (11-13 co-cultures at each condition, four independent experiments). The data are presented as means + SEM.
**p < 0.01 (t test).

(M) Immunofluorescence analysis of organoids at day 30 stained with MYO7A and neurofilament-H (NF-H) in the three different culture
conditions. Scale bar, 25 pm. Quantification of the percentage of MYO7A" cells per organoid. 20 organoids at each condition, three in-
dependent experiments. The data are presented as means + SEM. **p < 0.01, "p > 0.05 (one-way ANOVA followed by Tukey’s multiple
comparisons test).

(N) Immunofluorescence analysis of organoids at day 30 stained with CTBP2 and NF-H in the three different culture conditions. Quan-
tification of the number of CTBP2" presynaptic vesicles per HC from single cultured organoids and co-cultures at day 30. 100 HCs from 8-12
organoids at each condition, three independent experiments. The data are presented as means + SEM. **p < 0.01 (t test).
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Figure 4. Single-cell RNA-seq (scRNA-seq) reveals the main cell types of cochlear epithelium during organoid development
(A) Overview of the scRNA-seq of cochlear organoids at different stages.
(B) The scRNA-seq datasets from P2 organoids cultured in the expansion medium were integrated with the differentiated day 5 and day 25
organoid datasets and projected onto UMAP plots. Colors denote the five main cell clusters from three different time points.

(C) Violin plots showing the expression of representative genes across the five main clusters.
(D) The proportion of cells from each cluster in the indicated stages.
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that TUJ1* neurites from the co-cultured neurons grow to-
ward the differentiated organoids and form physical at-
tachments with the newly generated ATOH1-EGFP* and
MYO7A*" HCs on the surface of organoids at day 16
(Figures 3D-3F). After 30 days of co-culture, presynaptic
puncta marked by CTBP2 were detected on the surface of
ATOH1" HCs and were highly correlated with the distribu-
tion of neurites (Figure 3G; Video S2). Further, we detected
the paired localization of the CTBP2 and the postsynaptic
marker PSD9S5 in the neurite-innervated HCs (Figure 3H).

The function of SGNs and the newly formed synapses in
this novel co-culture system was further evaluated. We re-
corded the channelrhodopsin Chrimson-mediated spikes
of light-triggered action potentials under stimulation
with 590 nm red light stimulation by the whole-cell clamp
(Figure 3I) and observed the significantly increased tran-
sient Ca®* activity indicated by a genetically encoded cal-
cium reporter (GCaMP6s) (Figure 3J) in the SGNs after
the treatment of 50 mM KCl (Figure S4H). We also
confirmed that long-term co-cultured neurons maintain
excitability through electrophysiological assessments
(Figures S4I-S4L). HCs release glutamate at ribbon synapses
to excite postsynaptic SGNs via glutamate receptors to
relay auditory information to the CNS (Martinez-Mone-
dero et al., 2016). We observed significantly increased elec-
trical activity in neurons instantly after the administration
of L-glutamate after 30 days of co-culture (Figure 3K; Video
S3). Compared with the spontaneously firing neurons, the
percentage of firing neurons under L-glutamine stimula-
tion was significantly increased (Figure 3L), which further
demonstrates functional synapses were formed between
HCs and SGNs. We compared the yield of HCs within orga-
noids cultured in our differentiation medium, with or
without neurons, and the organoids cultured in the previ-
ously published conditions with the existence of CHIR and
LY (McLean et al., 2017). We observed significantly more
HCs in the current co-culture system (Figure 3M). Mean-
while, more presynaptic puncta were identified within
the HCs after co-culture with neurons (Figure 3N).

Single-cell transcriptional profiles during the
development of co-cultured organoids

To gain insight into the cell-type specification and tran-
scriptional profiles during the development of the epithe-
lium compartment of the co-cultures, we performed sin-

gle-cell RNA sequencing (scRNA-seq) on the collected
organoids in expansion medium, early differentiation
(5 days after co-culture), and late differentiation (25 days af-
ter co-culture) (Figure 4A). Using uniform manifold
approximation and projection (UMAP), unsupervised clus-
tering of the combined dataset of 46,814 total cells was
divided into five distinct clusters (Figure 4B). Based on line-
age-specific markers, we annotated the five clusters as fol-
lows: cochlear progenitor cell (CPC), supporting cell 1
(SC1), proliferating intermediate cell (proliferating IC),
supporting cell 2 (SC2), and HC (Figures 4B and 4C). As dif-
ferentiation progressed, dynamic changes in cell propor-
tion were noticed (Figure 4D).

The heatmap showed that in CPC and proliferating IC
populations, the most uniquely expressed genes were
ALDHI1A3, LFITM3, and ribosome biogenesis-associated
genes (such as RPL7 and RPS8) (Figure 4E). The HC popula-
tion highly expressed HC genes, such as CALB2, CIB2,
MYO6, and PCP4. Gene Ontology (GO) analysis showed
the characteristic function enrichment of each cell type.
Apart from the known genes, we found some potential
markers for each cell type, such as CP and CCDC148 for
SCs and ACBD7 and CCER2 for HCs (Figures 4F and S5A).
We also verified potential new HC markers, ACBD7 and
CCER2, whose mRNAs were uniquely expressed in HCs of
the cochlear epithelium (Figure 4G). Real-time PCR re-
vealed the gradually decreased expression of LGRS and
increased expression of the HC marker genes, such as
MYO6 and POU4F3, during organoid development
(Figure 4H).

The developing HC within co-cultured organoid
captures the early cochlear HC gene dynamic

Because transcription factors (TFs) are vital regulators deter-
mining cell fate, we identified cell-type-specific TFs with
enriched expression in the developing organoids (Fig-
ure 5A), such as CEBPD, LEF1, and MYC, were highly ex-
pressed in cycling CPCs. In contrast, the HC cluster
strongly expressed TAL1, ZEB1, GATA2, SIX2, etc. The
Slingshot program revealed three different trajectories dur-
ing CPC differentiation to elucidate the fate transition of
the CPCs (Figures S5B and S5C). Along the HC trajectory,
the heatmap revealed gene expression changed progres-
sively from cycling progenitor cells to differentiated HCs
(Figure S6D). Meanwhile, we clustered HCs and identified

(E) Heatmap showing the most highly expressed genes of the five main clusters. Each gene group’s GO enrichment analysis results are

displayed to the right.

(F) Visualization showing the expression of potential marker genes for clusters 2, 4, and 5.

(G) RNA-scope analysis of ACBD7 and CCER2 mRNA expression of the P2 cochlear epithelium. HCs were stained for MYO7A. Scale bar, 50 um.
(H) Real-time PCR analysis showed the relative expression of HC-related genes. Results were normalized to GAPDH in the same sample and
then normalized to the expansion group (n = 3 independent experiments). The data are presented as means + SEM. *p <0.05, **p < 0.01,
"p > 0.05 (one-way ANOVA followed by Tukey’s multiple comparisons test).
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Figure 5. The genetic profile of developing organoid HC is similar to the cochlear HC during early development

(A) Heatmap showing expression of representative TFs differentially expressed among organoid clusters.

(B) UMAP plots showing six HC subtypes of the three time points.

(C) Heatmap showed the expression signature of the top six genes in each HC subtype.

(D) Pearson’s correlation coefficient analyzed a correlogram for transcriptomes of the in vitro organoid HCs and the in vivo cochlear HCs.
(E) Lineage trajectory of the organoid HC sub-cluster by pseudotime of different states.

(F) Heatmap showed three distinct groups of genes with dynamic expression patterns along the pseudotime.

(legend continued on next page)
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six distinct HC sub-populations (Figure 5B). Among those
clusters, we noticed that TMSB4X, expressed in young
HCs during development (Zhu et al., 2019), was signifi-
cantly enriched in the expansion and early-differentia-
tion-stage-dominated HC clusters (clusters HC4 and HC6)
(Figure 5C). Clusters HC1 and HC2 were occupied by late
differentiation organoids, which expressed specialized HC
genes, such as PLA2G7 and CALB2 (Kolla et al., 2020). To
compare gene expression profiles of organoid HCs with
the in vivo cochlear HCs, we analyzed the correlation of
six sub-cluster organoid HCs, embryonic day (E) 16 to
post-natal day (PD) 7 cochlear HCs (Kolla et al., 2020),
and PD15-P228 cochlear HCs (Ranum et al., 2019) by Pear-
son’s correlation coefficient (Figure 5D).

Beyond the status of organoid HCs indicated by the corre-
logram, we investigated the maturation of organoid HCs by
Monocle 2 (Figure SE). Similar to the Slingshot program of
HC differentiation trajectory, genes are known to be en-
riched in mature HCs, such as MYO6 and ESPN, which dis-
played a time-dependent increase as pseudotime progressed
(Figures SF and S5D). We also noticed the dynamic expres-
sion of HC markers, such as PCP4, CIB2, and ACBD?7, along
the trajectory (Figures 5F and SS5E). Notably, dynamic
changes in multiple genes related to the functional matura-
tion of HCs were also observed over pseudotime, including
the increased expression of the K*-channel-related genes
ATP1B1 and CACNA1D, as well as the dynamic changes in
the expression of Ca**-channel-associated genes CALM4,
CALB2, and CIB2, which were all consistent with the
changes in K* and Ca** currents that occur in cochlear
HCs during development (Figure SSE) (Beurg et al., 2008).
During the organoid HC maturation, the outer hair cell
(OHC) marker LPIN2, Na*/K*-ATPase regulator EYA4, and
genes involved in synapse formation, such as BDNF, were
increased along the timeline (Figure 5G). These results indi-
cate that the transcriptome feature of organoid HCs recapit-
ulates the developing cochlear HC:s of early stages in vivo.

Mutations in numerous genes responsible for cochlear
proteins are the leading cause of sensorineural hearing
impairment (Shearer et al.,, 2011). Analysis of deafness-
related gene expression in differentiated day 25 organoids
of the HC and SC types showed that the cell-type specificity
related to auditory genetic disease was preserved in the or-
ganoids (Figure S5F). To test the application of the auditory
circuit, we developed cochlear progenitors from transgenic
POU4F3*/P™ mouse, a selectively ablated HC for investi-
gating the HC regeneration mouse model (Cox et al.,

2014), in the co-cultures. After adding diphtheria toxin
(DT), we observed apoptosis specifically in the lineage-
traced ATOH1" HCs in the organoids from POU4F3*
/DTR; ATOH1CreER-tdTomato mice (Figures SH and SI).
These indicated that the innervated organoids might be
used as a model for HC regeneration.

HCs in co-cultures recapitulate the morphological and
electrophysiological profile of post-natal cochlear HCs
We further studied the morphology and function of HCs in
co-cultured organoids. Among the ATOH1-tdTomato* cells
from co-cultured organoids, 4.88% =+ 1.72% exclusively ex-
pressed VGLUTS3, a specific maker for IHCs from PD7 (Li
et al., 2018); 45% =+ 4.28% exclusively expressed
PRESTIN, which was uniquely expressed in cochlear
OHC:s from PDO (Belyantseva et al., 2000); and 50.86% +
5.47% tdTomato* HCs expressed both VGLUT3 and
PRESTIN at day 30 (Figures 6A-6C). Furthermore, stereoci-
lia-like structures were labeled by F-ACTIN and ESPIN
(Figures 6D and 6E) and confirmed by the transmission
electron microscope (Figure S6A).

A prominent kinocilium surrounded by a cluster of cilia
and microvilli was observed from the organoids after
6 days of co-culture, while a shorter kinocilium with a
larger cluster of compact stereocilia located in a larger cutic-
ular plate was identified on day 12 (Figure 6F). After
30 days, the kinocilium could no longer be identified,
and the stereocilia in the organoids were arranged in a V
or C shape with tip links between adjacent stereocilia.
The dynamic changes in the bundle-like structures of orga-
noids simulated the morphological transition of cochlear
HC bundles during development (Tilney et al., 1992; Zine
and Romand, 1996).

The majority of the MYO7A™ HCs at day 30 could take up
FM1-43 (Figure S6B). Electrophysiological recordings were
performed to more precisely assess the electrical properties
of the tdTomato™ organoid HCs (Figure S6C). Voltage-
dependent inward Na* currents with voltage-dependent
activation were found in organoid HCs at day 30 (Fig-
ure 6G), and these could also be detected in immature
cochlear HCs at the post-natal stage (Oliver et al., 1997).
To further characterize the identity and maturation of orga-
noid HCs, we analyzed the K* currents in HCs at different
time points during the differentiation step. Voltage-depen-
dent outward K" currents in the HCs at day 30 were trig-
gered by depolarizing voltage steps from the holding po-
tential of —80 mV, which resembled the magnitude of the

(G) Expression levels of representative genes along the HC lineage trajectory.
(H) Fluorescence images of the apoptotic cell marker Cleaved-CASP3 staining and tdTomato in cochlear organoids derived from ATOH1-

CreER; tdTomato mice after DT treatment. Scale bar, 50 um.

(I) Fluorescence images of Cleaved-CASP3 staining and tdTomato in cochlear organoids derived from POU4F3-DTR; ATOH1-CreER; tdTomato

mice after DT treatment. Scale bar, 50 um.
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Figure 6. HCs in organoids recapitulate the morphological and electrophysiological profile of post-natal cochlear HCs
(A) Bright-field and fluorescence microscopy image of innervated organoids at day 30. Atoh1-tdTomato indicated the generated HCs. Scale
bar, 100 um.

(B) Immunofluorescence images of whole-mount staining of IHC marker VGlut3 and the OHC marker PRESTIN (3D reconstruction) of co-
cultured cochlear organoids at day 30. Scale bar, 25 um.

(legend continued on next page)
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PD3 IHCs and PD5 OHC:s (Figures 6H and S6D). The steady-
state values of the outward K* currents of the day 25-30 or-
ganoid HCs were measured to generate current-voltage
(I-V) curves, and these were highly similar to those of
native PD3 IHCs and PDS OHCs (Figure 6I). The develop-
ment of outward K* currents over time in neonatal IHCs,
OHCs, and organoid HCs is shown in Figures 6] and S6E.
We found that the gradually increased current in the devel-
oping organoid HCs reached a value at 0 mVof 1.3 + 0.1 nA
at days 25-30. The development patterns of K™ currents
resembled those of post-natal cochlear HCs (Figure 6]).
We further blocked outward K* currents by using CsCl
and TEA-Cl in the internal solution to isolate Ca?* currents,
and the I,-V curves indicated that Ca®* currents of day 30
organoid HCs were activated at around —60 mV and
reached a maximum at —10 mV, which resembled those
of PD3 OHC:s (Figure 6K). Interestingly, the peak amplitude
of Ca®* currents of the organoid HCs (36.95 + 1.72 pA) was
much lower than that of the native PD3 THCs (203.3 +
10.68 pA) (Figure 6L), and it was comparable with the
OHCs at PD3, a developmental stage when Ca** currents
are at their maximum amplitude (Beurg et al., 2008). Ac-
tion potentials are thought to be essential for HC matura-
tion (Jeng et al., 2020), and no spontaneous action poten-
tial firing was seen in organoid HCs (data not shown). We
recorded fired spikes from organoid HCs responding to
stepped current injections that resembled PD3 OHCs (Fig-
ure 6M), which indicated that organoid HCs tend to differ-

entiate into OHC. Taken together, the cochlear organoid
HCs were found to be functional and followed a similar
development pattern as post-natal cochlear HCs.

DISCUSSION

In this study, we described an optimized protocol to
generate innervated cochlear organoids that possess the
major cell types of cochlear sensory epithelia and func-
tional HC-SGN circuits. First, CPCs gained enhanced pro-
liferative capacity in the optimal expansion medium.
They were reprogrammed into a relatively earlier stage
of progenitors and could be long-term expanded under
series passages by activating Wnt and YAP signaling
(Chai et al.,, 2012; Gnedeva et al., 2020; Xia et al.,
2020). Second, the co-culture system achieved a balance
between the differentiation of HCs and the outgrowth of
neurites, and neurons promoted the formation of
cochlear HCs and reached functional synapses with
HCs. In addition, we dissected the characteristic of orga-
noid HC and the regulatory mechanism of HC develop-
ment through scRNA-seq, electrophysiological, and
morphological analysis, which suggested innervated or-
ganoids as a reliable model for studying inner ear devel-
opment and sensorineural hearing loss.

We observed that some innate IHCs re-entered the cell
cycle and incorporated EAU, whereas more reliable Cre

(C) Immunofluorescence analysis (z stack projection) and quantification of organoids showing the expression of VGLUT3 and PRESTIN. The
green arrow indicates VGLUT3*/PRESTIN™ cells, the red circle indicates VGLUT3"/PRESTIN* cells, and the blue arrow indicates VGLUT3~
/Prestin® cells. Scale bar, 25 pm. 12 organoids, three independent experiments.

(D) Immunofluorescence images showing MYO7A" HCs and F-ACTIN* hair bundles of the differentiated day 30 organoids. The scale bar
represents 10 pum.

(E) Fluorescence images of E-CADHERIN staining, ESPIN-stained stereocilia-like protrusions, and ATOH1-tdTomato™ HCs in the cochlear
epithelium (left) and cochlear organoids (right). Scale bar, 50 um.

(F) Scanning electron microscopy showed the morphology of the hair bundles of cochlear organoids at different stages and quantified the
diameter of the cuticular plate of the HCs. Five HCs from two organoids at each stage, two independent experiments. The arrow indicates
the kinocilium. Scale bar, 1 um.

(G) Family of Na* currents of differentiated day 30 organoid HCs evoked by the depolarizing steps shown below, fitted by a Boltzmann
equation (line) with a half-maximal activation voltage of —34 mV.

(H) Examples of outward K* currents for PD3 IHCs and PD5 OHCs from mouse cochleae, and day 30 organoid HCs evoked by the voltage
protocol are below.

(I) Steady-state IK*-V curves for the current traces showing the current-voltage relationship for PD3 IHCs (n = 11), PD5 OHCs (n = 14), and
day 25-30 organoid HCs (n = 14). HCs from five to seven cochlear explants or organoids, three to five independent experiments.

(J) Peak outward K* current (evoked by 0 mV) for native HCs (PD1, PD3, PD5, and PD7) and organoid HCs (days 4-6, 10-12, 20-22, and 25-
30). The total number of patched cells is indicated in the graph. HCs from five to seven cochlear explants or organoids, three to five
independent experiments.

(K) Ca®* current-voltage relations for PD3 IHCs and PD5 OHCs, and day 30 organoid HCs recorded under a voltage clamp in response to a
voltage ramp from —90 to +70 mV in 300 ms.

(L) Mean + SEM peaks of ICa?* for PD3 IHCs, PD5 OHCs, and day 30 organoid HCs. The total number of cells for each stage is indicated above
the bars. HCs from six cochlear explants or organoids, three independent experiments.

(M) Representative membrane responses of IHCs (PD3), OHCs (PD3), and organoid HCs (day 30) to step current injections (protocol shown
below).
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lines were needed to trace the original HC, such as
VGLUT3CreER, POU4F3CreER, or GFICreER mouse
lines, in order to demonstrate further the proliferation
effects of the EFICL cocktail on HCs. In addition, to
validate the application of the cocktail in regeneration,
we should deliver the cocktail into the inner ear
to investigate the effects on cochlear cells in vivo in the
future.

The single-cell transcriptome atlas of organoids allows
for mapping genes to particular cell types to understand
the mechanism of cell fate determination (Low et al.,
2019; Wu et al., 2018). Our study showed that the tran-
scriptome transition pattern might be more suitable for ex-
plaining the fate transition of proliferating progenitor cells
in the early E stage and during HC development (Gnedeva
and Hudspeth, 2015; Ruben, 1967). Meanwhile, we identi-
fied new marker genes for cochlear HCs, such as ACBD7
and CCER2, which were also found in a recent study to
be exclusively expressed in HC clusters from post-natal
mouse cochleae (Kolla et al., 2020). Notably, the dynamic
gene expression of the developing organoid HC provides
us with potential clues that promote HC regeneration
and maturation.

We observed that the stereocilia bundles of HCs in the
epithelial compartment of the co-cultures mimicked the
developmental pattern of cochlear HCs, including the dy-
namic changes to the kinocilium, which is necessary for
the initial orientation of the HCs and degenerates as hear-
ing is activated (Tilney et al., 1992; Zine and Romand,
1996). We also found that there were HCs with V- or
C-shaped stereocilia after 30 days of differentiation,
which was very similar to the bundle morphology of the
OHC:s and IHCs of the cochlea. Similar to the inner ear or-
ganoids generated from PSCs (Koehler et al., 2017), the
stereocilia-like extensions of the cochlear organoids were
uniformly oriented toward the lumen. Cell polarity for-
mation in organoids might derive from the extrusion of
the extracellular matrix-triggered planar cell polarity
signaling (Montcouquiol and Kelley, 2020). Although
more complicated arrangements of HCs and SCs and the
polarity of the organ of Corti were not achieved in our
new system, emerging bioengineering strategies might
be used to steer the cell composition and their 3D
organization.

Consistent with scRNA-seq analysis data, in-depth elec-
trophysiological analysis revealed that the HCs of the or-
ganoids could mimic the development pattern of the
cochlear HCs up to PD7 in vivo. Meanwhile, we noticed
that the Ca®* current and action potential of the organoid
HCs closely resembled those of native OHCs, which
might be because of the majority of ATOH1* HCs being
PRESTIN* or PRESTIN*/VGLUT3* OHCs, and only 4.88%
of the ATOH1" HCs were similar to IHCs as marked by
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ATOH1"/VGLUT3*/PRESTIN™ (Li et al., 2018). The signif-
icant difference in the proportion of two HC subtypes
might be because of insufficient induction signals in our
culture system. The reason why organoid HCs cannot
continue to mature into adulthood-like HCs might be
attributed to the following factors: the existing culture
system lacked the interaction between HCs and mesen-
chymal cells, marginal cells, and immune cells. Such
interaction-provided lymph ion concentration, immune
micro-environment, and physical interactions were not
considered in the current system. More efforts should be
put into the direct differentiation of CPCs into diverse
mature HC or SC subtypes and on mimicking the delicate
topological structure of the organ of Corti by applying
new biocompatible materials, 3D printing technology,
and bioengineering strategies.

Our staging co-culture system facilitates the formation
of peripheral auditory circuity between cochlear HCs
in organoids and SGNs. During the development of
the cochlea, various factors involved in axon
guidance have been shown to influence the radial inner-
vation of SGNs, including Wnt9a (Munnamalai et al.,
2017), Ephrin-AS/EphA4 (Defourny et al.,, 2013), and
Semaphorin-3F/Neuropilin-2 (Coate et al., 2015). We
found that the differentiated organoids could automati-
cally induce the directional outgrowth of neurites toward
sites with multiple HCs. In the single-cell analysis of
the late-differentiated HC cluster, we identified the
high expression of BDNF, which encodes the BDNF pro-
tein that is critical for sensory neuron survival and the
establishment of neuronal projections to sensory
epithelia during the development of the inner ear
through the interaction with the TRKB receptor of
SGNs (Postigo et al., 2002; Wan et al., 2014). The high
levels of endogenous BDNF from HCs and exogenous
supplementation might serve as one of the pivotal fac-
tors for the survival of SGNs and ribbon synapse forma-
tion. Moreover, the peripheral auditory circuit in our 3D
co-culture system could be maintained for a relatively
long period (up to 2 months), which makes it possible
to investigate the function of peripheral auditory units
related to diverse cell types at different developmental
stages.

In conclusion, we developed a protocol for establishing
functional cochlear innervated organoids through the
timely regulation of multiple signaling pathways related
to cochlea development. Our model can be used for deci-
phering the mechanisms behind the proliferation of
CPCs, the specific differentiation of cochlear HCs, and
the diversity and functional maturation of synapses be-
tween HCs and SGNs. Furthermore, the established pe-
ripheral auditory circuit could model cochlear diseases
related to sensorineural hearing loss and thus might serve



as a tool for screening drugs or genetic vectors in the
cochlea.

EXPERIMENTAL PROCEDURES

Resource availability
Corresponding author
Further information and requests for resources and reagents
should be directed to and will be fulfilled by the corresponding
author, Wenyan Li (wenyan_li@fudan.edu.cn).
Materials availability
This study did not generate new unique reagents.
Data and code availability
The bulk RNA-seq and scRNA-seq data have been deposited in the
Gene Expression Omnibus (GEO) under ID codes GEO:
GSE180552 and GSE180553.

The published scRNA-seq datasets of the cochlea were used
(GEO: GSE137299 and GSE114157.)

Animal model

LGRS-EGFP-IRES-creERT2 mice (Barker et al., 2007) (stock #008875)
and Rosa26-tdTomato mice (Madisen et al., 2010) (stock #007914)
were purchased from the Jackson Laboratory. ATOH1-EGFP mice
(Helms et al., 2000) were obtained from J. Johnson (University of
Texas Southwestern Medical Center, Dallas, TX, USA),
ATOH1CreER mice (Chow et al., 2006) were obtained from S. Baker
(St. Jude Children’s Research Hospital, Memphis, TN, USA), and
POU4F3-DTR mice (Golub et al., 2012) were obtained from S. Stone
(University of Washington, Seattle, WA, USA). Genotyping of trans-
genic mice is described in Table S1. All animal experiments were
approved by the Institutional Animal Care and Use Committee of Fu-
dan University.

Culture of cochlear epithelia and isolation of mouse
primary CPCs

The cochleae were dissected from PO-P1 mice and quickly placed
in cold PBS (Hyclone). The modiolus and the stria vascularis were
carefully removed to separate the sensory epithelia. The tissues
were mounted on the 2 mg/mL laminin-coated glass Petri dishes
for cochlear epithelial culture. Details are provided in the supple-
mental experimental procedures.

Primary CPC culture and expansion

Typically, sorted cells were resuspended in an expansion culture
medium with a mixture of ice-cold Matrigel (354230; Corning) at
aratio of 1:10 (v/v) and then seeded in non-attachment plates. De-
tails are provided in the supplemental experimental procedures.

Organoid-forming efficiency and viability assays

To exclude dead cells, we labeled sorted cells by propidium iodide
(Sigma) and counted them using a hemocytometer. A 100-pL sin-
gle-cell suspension (~1,000 cells) mixed with 10 uL Matrigel was
plated into an ultra-low-attachment U-bottom 96-well plate
(Corning), with each culture condition tested in triplicate. Details
are provided in the supplemental experimental procedures.

Organoid-SGN explant co-culture

For organoid differentiation, a glass Petri dish was coated with
2 mg/mL laminin solution (diluted in PBS) overnight. Details are
provided in the supplemental experimental procedures.

Immunofluorescence analysis and quantification

The cultured organoids in the expansion medium were collected
by centrifugation and fixed with 4% paraformaldehyde (PFA)
(Sigma) on ice for 30 min and then centrifuged at 600 rpm for
5 min. Details are provided in the supplemental experimental
procedures.

In situ hybridization assays

Cochleae were isolated from P1 mice and fixed in 4% PFA for 6 h at
room temperature. Details are provided in the supplemental exper-
imental procedures.

Electron microscopy

Cochlear organoids differentiated at days 6, 12, and 30 were fixed
in 2.5% glutaraldehyde and 2% PFA diluted in 0.1 M phosphate
buffer (PB) overnight. For scanning electron microscopy, samples
were dehydrated in an ethanol gradient after washing in PB. De-
tails are provided in the supplemental experimental procedures.

RNA isolation and quantitative real-time PCR analysis
Organoids in co-cultures were picked and washed with cold PBS
and centrifuged to remove the Matrigel. Details are provided in
the supplemental experimental procedures.

RNA sequencing and analysis

Organoids cultured in the basic medium (EFG, bFGE IGF), the
basic medium + CHIR, and the basic medium + CHIR + LPA were
collected, and PO and P4 organoids in the expansion medium
were collected. Details are provided in the supplemental experi-
mental procedures.

Single-cell sequencing and analysis

Organoids from P2 (day 8) in expansion medium, differentiated at
day 5, and differentiated at day 25 were collected and incubated
with 0.125% trypsin for 25 min and dissociated into single cells
by mechanical pipetting. Details are provided in the supplemental
experimental procedures.

Optogenetic stimulation and electrophysiological
recordings

The AAV DJ carrying the coding sequences for Scarlet and Chrim-
son driven by the CAG promoter was generated using a virus-free
helper system. Details are provided in the supplemental experi-
mental procedures.

Ca** imaging

Co-cultured SGNs at day 30 were used for Ca®* imaging. SGNs were
transfected with AAV2/9-hSyn-GCaMP6s for 24 h and then
exchanged with a fresh medium. Details are provided in the sup-
plemental experimental procedures.
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Statistical analyses
Statistical differences were calculated using GraphPad Prism 6.0.
Details are provided in the supplemental experimental procedures.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2022.11.024.
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