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SUMMARY

Neurons in the cerebral cortex connect through descending pathways to hindbrain and spinal cord to acti-
vate muscle and generate movement. Although components of this pathway have been previously generated
and studied in vitro, the assembly of this multi-synaptic circuit has not yet been achieved with human cells.
Here, we derive organoids resembling the cerebral cortex or the hindbrain/spinal cord and assemble them
with human skeletal muscle spheroids to generate 3D cortico-motor assembloids. Using rabies tracing, cal-
cium imaging, and patch-clamp recordings, we show that corticofugal neurons project and connect with spi-
nal spheroids, while spinal-derived motor neurons connect with muscle. Glutamate uncaging or optogenetic
stimulation of cortical spheroids triggers robust contraction of 3D muscle, and assembloids are morpholog-
ically and functionally intact for up to 10 weeks post-fusion. Together, this system highlights the remarkable
self-assembly capacity of 3D cultures to form functional circuits that could be used to understand develop-

ment and disease.

INTRODUCTION

The main function of the cortico-motor pathway is the regulation
of neural activity in the hindbrain and spinal cord to generate co-
ordinated movement (Lemon, 2008). Corticofugal glutamatergic
neurons in the cerebral cortex send long-range axons to modulate
networks in the hindbrain and spinal cord to ultimately induce
muscle contraction (Kiehn, 2016; Lodato and Arlotta, 2015;
Shim et al., 2012; ten Donkelaar et al., 2004) (Figure 1A). Damage
or degeneration of the cortico-motor circuit following traumatic
injury, amyotrophic lateral sclerosis, or autoimmune disorders
result in severe motor dysfunction (Blesch and Tuszynski, 2009).
Recent evidence points at primate-specific reorganization and
connectivity of the cortico-spinal pathway, including the presence
of direct monosynaptic cortico-spinal connections, which may be
related to corticalization of motor control and the evolution of dex-
terity (Gu et al., 2017; Lemon, 2008; Sousa et al., 2017). These
species-specific differences are further highlighted by challenges
in translating findings from animal models (Kaiser and Feng, 2015;
Philips and Rothstein, 2015; van der Worp et al., 2010). Therefore,
direct access to human cortico-spinal-muscle circuits has the po-
tential to accelerate our understanding of motor disorders.
Induced pluripotent stem cells hold promise in building
personalized disease models. Although components of the cor-

tico-spinal-motor pathway have been generated or studied in
isolation (Ogura et al., 2018; Sances et al., 2016; Shi et al.,
2018; Steinbeck et al., 2016), the in vitro derivation and assembly
of this three-part system have not yet been achieved with human
cells. We have previously developed an approach to model com-
plex cellular interactions during human brain development by
specifying region-specific spheroids or organoids and then
fusing them in vitro to generate three-dimensional (3D) assem-
bloids (Birey et al., 2017; Pasca, 2019; Sloan et al., 2018).
Long-range neural projections have been observed in a cor-
tico-thalamic assembloid (Xiang et al., 2019), in organotypic
mouse co-cultures (Takuma et al., 2002) and in a preparation
that used sliced cortical organoids and rodent spinal cord ex-
plants (Giandomenico et al., 2019). However, in vitro derivation
and assembly of a functional multi-synaptic circuit from human
cells have not been achieved.

Here, we leverage a modular assembloid approach to sepa-
rately generate and then functionally integrate the components
of a cortico-motor circuit. More specifically, we find that hu-
man-induced pluripotent stem (hiPS) cell-derived region-spe-
cific spheroids form physiologically relevant connections when
assembled together. Spheroids resembling the cerebral cortex
form long-range functional connections with spheroids resem-
bling the hindbrain/cervical spinal cord, and these in turn project
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Figure 1. Generation of hSpS from hiPS Cells

(A) Schematic illustrating the main cellular components of the cortico-motor system.

(B) Schematic illustrating the generation of human cortical spheroids (hCS) and human spinal spheroids (hSpS) from hiPS cells.

(C) Gene expression (RT-gPCR) of spinal cord-related gene markers at 5, 10, 12, and 18 days in hSpS. Data represent mean + SEM (n = 3 hiPS cell lines from 1
differentiation; two-way ANOVA, interaction F[9,32] = 3.29, p = 0.005).

(D) Representative immunocytochemistry images of OLIG2 and PAX6 in hSpS at day 18. Scale bar, 50 pm.

(E) Fluorescence intensity analysis showing expression of OLIG2 and PAX6 plotted versus the distance from the center (left) to the edge (right) of hSpS at day 18.
Black traces represent the mean and shaded bars represent the SEM (n = 20 hSpS derived from 3 hiPS cell lines from 2 separate differentiations, with 2-4
cryosections quantified per hSpS).

(F) UMAP visualization of single cell gene expression of hSpS at day 53 (n = 9,302 cells from 3 hiPS cell lines).

(G) Graph showing the percentage of cells in each of the three hiPS cell lines used for this experiment belonging to each cluster in hSpS.

(H) UMAP plot showing cells separately colored by the hiPS cell line they were derived from.

() UMAP plots showing gene expression of selected hSpS cluster-specific markers. Colored scale shows normalized gene expression data, log (counts
per 10,000).

(J) hSpS UMAP plots colored by reference similarity spectrum (RSS) to selected single-cell RNA sequencing (RNA-seq) clusters from mouse spinal cord from
Delile et al. (2019).

(K) Hierarchical clustering showing RSS analysis of hSpS clusters to single-cell RNA-seq clusters from mouse developing spinal cord neuronal clusters from Delile
et al. (2019).

(legend continued on next page)
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and connect with human skeletal muscle. Importantly, these cor-
tico-motor assembloids can be used to trace anatomical and
functional connectivity, can be maintained long term in vitro to
capture cellular and functional changes, and can be manipulated
optogenetically or pharmacologically at multiple levels to control
human muscle contraction.

RESULTS

Generation of Hindbrain/Cervical Spinal Cord Spheroids
from Pluripotent Stem Cells

We first generated spheroids resembling the human hindbrain/
cervical spinal cord (hSpS) starting from hiPS cells (Figure 1B; Ta-
ble S1 summarizes the color-coded use of n = 9 hiPS cell lines in
various experiments). Specification of the progenitor domains in
the hindbrain and spinal cord relies on signaling molecules like
WNT and retinoic acid (RA) secreted along the rostro-caudal
axis, and sonic hedgehog (SHH) along the dorso-ventral axis
(Alaynick et al., 2011; Goulding, 2009; Jessell, 2000; Kiehn,
2006) (Figures STAand S1B). A number of groups have developed
protocols to generate spinal motor neurons by modulating these
pathways in vitro (Amoroso et al., 2013; Butts et al., 2019; Gouti
et al., 2014; Wichterle et al., 2002). To establish hSpS, we de-
signed a combinatorial approach (12 conditions) to test FGF-2,
RA, WNT, and SHH modulators at varying concentrations
following neural ectoderm specification (Figure S1C). Briefly,
hiPS cell colonies were lifted using the enzyme dispase, moved
to ultra-low attachment plates to form spheroids, and exposed
to dual SMAD inhibition (Pasca et al., 2015; Sloan et al., 2018).
Starting on day 4, spheroids were exposed to the WNT activator
CHIR-99021 (3 uM) and to 20 ng/mL epidermal growth factor
(EGF) from day 6 onward. Spheroids also received a combination
of RA(0.01 or 0.1 uM) and FGF-2 (0, 10, or 20 ng/mL) from day 6,
and the SHH activator smoothened agonist (SAG; 0, 0.01, 0.1 or
1 uM) from day 11. To determine the fate of the resulting spheroids
in each condition, we assessed gene expression at day 20 (Fig-
ures S1D-S1F; primers listed in Table S1). Exposure to high levels
of RA and low levels of FGF-2 results in more rostral fates (Fig-
ure S1D; HOXA2, p = 0.002), whereas exposure to low levels of
RA and high levels of FGF-2 yields more caudal fates (Figure S1D;
HOXC9, p = 0.002). Moreover, high SAG exposure is associated
with higher expression of ventral marker genes (Figures S1E and
S1F; OLIG2, p = 0.001; NKX6-1, p = 0.002; CHX10, p = 0.007;
and /ISL1, p = 0.01). Ventral and dorsal identities were also
confirmed by immunocytochemistry in hSpS cryo-sections (Fig-
ure S1G; antibodies listed in Table S1). Based on the overall diver-
sity of domain-specific markers expressed, we chose to pursue
condition 8 for further experiments (0.1 uM RA, 0.1 uM SAG,
and 10 ng/mL FGF-2) (Figure S1H). Other conditions, such as con-
dition 12, showed higher expression of motor neuron markers, but
had lower expression of interneuron markers, which are essential
for hindbrain/spinal cord circuitry. In condition 8 (hSpS), the neu-
roectodermal markers SOX71 and PAX6 peaked at day 10, fol-
lowed by an increase in the expression of OLIG2 and NKX6-1

¢? CellPress

from day 12 (Figure 1C; interaction p = 0.005, gene p < 0.0001,
time p = 0.01).

In vivo, hindbrain/spinal cord progenitors are organized in a
stereotypical pattern (Dasen and Jessell, 2009). To explore orga-
nization in day 18 hSpS, we used immunohistochemistry for the
ventral marker OLIG2 and the medial marker PAX6. We found
that OLIG2 was more highly expressed toward the edge of the
hSpS, whereas PAX6 showed the opposite pattern, with higher
expression toward the center (Figures 1D and 1E). We next
further characterized OLIG2* progenitors, which give rise to mo-
tor neurons (Figures S11-S1L), and found that ~40% of OLIG2*
cells co-expressed the marker NKX2.2 and ~15% co-expressed
NKX6.1 (Figure S1L). This pattern of expression suggests the
presence of hindbrain and spinal cord motor neuron progenitor
populations in hSpS (Guthrie, 2007).

Next, we tested whether the presence of the Notch pathway
modulator DAPT (Borghese et al., 2010) changed the propor-
tions of cell types present in hSpS (Figures S2A and S2B). For
this, we performed single-cell transcriptional profiling (Fan
et al., 2015) in day 45 hSpS that were differentiated in the pres-
ence or absence of DAPT from day 19 to day 24 (Figure S2C) (n=
7,888 cells; BD Rhapsody). Analysis of cells using the t-distrib-
uted stochastic neighbor embedding (t-SNE) approach (van
der Maaten and Hinton, 2008) identified several domains,
including groups of GABAergic, glycinergic and glutamatergic
interneurons (4, 5, 7, 8, and 9), as well as a mixed neuronal clus-
ter (6), and a motor neuron cluster (10) (Figures S2C and S2D; Ta-
ble S1). When differentiated in the presence of DAPT, although
overall similar to the unexposed condition (hSpS©PAPT: R? =
0.85, p < 0.0001), hSpS contained a ~3-fold increase in the pro-
portion of motor neurons as well as a 4-fold decrease in the pro-
portion of an undefined mixed neuronal population (Figures S2E
and S2F). We further validated the presence of these neuronal
and glial populations by performing real-time gPCR for a set of
domain-specific markers in day 30 hSpS and hSpS™PAPT derived
from 5 hiPS cell lines in 4 separate differentiation experiments
(Figures S2G-S2I), and confirmed expression of some of these
genes by immunocytochemistry in cryo-sections (Figures S2J
and S2K). Based on these data, we chose to use the hSpS con-
dition that included DAPT exposure.

One of the challenges of using organoids for studying develop-
ment and disease is the reproducibility of differentiation between
hiPS cell lines. We have previously demonstrated high reliability
in the generation of organoids resembling the dorsal forebrain
(Yoon et al., 2019), and to investigate this aspect in hSpS, we
performed droplet-based single-cell transcriptomics at day 53
(10x Genomics Chromium) in three different hiPS cell lines that
were differentiated in parallel (n = 9,302 cells). We first used
the uniform manifold approximation and projection (UMAP)
dimensionality reduction technique to visualize cells and deter-
mine their identity (Figure 1F; Figure S3A shows t-SNE reduction;
Table S1 shows the top 50 differentially expressed genes per
cluster). We found that cells grouped into 12 main clusters,
and when we compared the proportions of cells in each cluster

(L and M) Dot plots showing the expression of selected domain-specific and neurotransmitter identity-related genes (L), and expression of HOX genes (M) in each
of the neuronal clusters in hSpS. The size of the circle represents the percent of cells expressing each gene per cluster.

See also Figures S1, S2, and S3 and Table S1.
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across lines, we found that cell diversity was overall similar (Fig-
ures 1G, 1H, and S3B). We also compared expression of all
genes across lines and found that they were highly correlated
(8858-1 versus 0524-1 R? = 0.98, 8858-1 versus 1205-4 R? =
0.99, and 1205-4 versus 0524-1 R% = 0.98, Figure S3C). Similarly,
we found that gene expression in each domain was highly corre-
lated across lines (Figure S3D).

Next, we explored hSpS cell cluster identity and found they
included progenitors expressing SOX9 and TOP2A, astroglia,
and several neuronal domains including a dorsal group of cells ex-
pressing LHX2,INSM1,ST18, and TLX3 (clusters dI1, dI2/3/4, dI5,
and dl6), four ventral clusters that showed expression of LHX17,
PAX2, EVX1, SHOX2 and GATAS3 (VO, V1, V2a, and V2b), and a
group of motor neurons expressing /ISL1, PRPH, and PHOX2B
(MN) (Figures 11 and 1L). We did not find a clear V3 domain with
this analysis, and we found no non-ectodermal cells, however,
we identified a group of neural cells that we could not define based
on known marker genes. One hiPS cell line (8858-1) had a higher
proportion of V2a neurons at the expense of motor neurons (Fig-
ure 1G). The balance between V2a interneurons and motor neu-
rons is known to be linked (Thaler et al., 1999), and loss of motor
neurons in Olig1/2 knockout mice results in a dramatic increase
of Chx10* V2a interneurons (Zhou and Anderson, 2002). Real-
time gPCR for ISL1 and CHX10 showed that out of 16 samples
from 5 lines in 4 differentiations, 2 had higher expression of
CHX10 compared to ISL1 (Figure S2G). Variation in the state of
hiPS cell lines can lead to divergent neuronal biases (Micali
et al., 2020), and real-time qPCRs for these two markers at
~day 30 in hSpS could be implemented as a quality control step.

To further validate the cluster assignment, we compared hSpS
to annotated neuronal clusters from the developing mouse spinal
cord (Delile et al., 2019) using reference similarity spectrum
(RSS) analysis (Kanton et al., 2019). We found that, overall, clus-
ter annotation in hSpS matched previously annotated spinal cord
clusters (Figures 1J and 1K) (Delile et al., 2019; Rosenberg et al.,
2018; Sathyamurthy et al., 2018). Some dorsal clusters appeared
to be less correlated compared to ventral clusters, which may be
explained by the lack of dorsalizing signals in hSpS. We
also looked at neurotransmitter identity in the neuronal clusters
and we found that it broadly matched that described in the
literature (Delile et al., 2019) and included glutamatergic
(SLC17A6%), GABAergic (GAD1*, GAD2* or SLC32A1"), glyci-
nergic (SLC6A5™), and cholinergic (SLC5A7* or SLC18A3*) cells
(Figure 1L). Genes encoding cell adhesion and neuronal guid-
ance molecules, such as PCDH7, NRXN3, and ROBO3, were
also expressed in a domain-specific manner (Figure S3E).

To explore rostro-caudal identity of hSpS, we examined the
expression of HOX genes in hSpS and found expression of
HOXB4, HOXC4, and HOXB5, suggestive of caudal hindbrain/
cervical spinal cord identity (Figures 1M and S3F). Moreover,
RSS analysis comparing hSpS to different CNS regions in the
mouse (Zeisel et al., 2018) showed that hSpS was most closely
correlated to hindbrain cell types, further validating the identity
of hSpS (Figures S3G and S3H). However, direct comparison
to human developing hindbrain/spinal cord in the future could
better address these questions.

Next, to further characterize motor neurons in hSpS, we re-clus-
tered the MN cluster from the single cell gene expression analysis.
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We found that MN subdivided into at least 6 groups (Figures S31-
S3K). Most of these cells expressed the motor neuron marker
PHOX2B, but did not express the visceral motor neuron marker
TBX20, suggesting motor neurons in hSpS have a largely somatic
identity (Figure S3M). MN cluster 6 was negative for PHOX2B and
positive for ISL1/2 and HB9 (MNXT1), indicating a limb-innervating
lateral motor column-like identity (Figures S3I1-S3M).

We also confirmed the presence of cholinergic motor neurons
in hSpS by immunocytochemistry for the enzyme that catalyzes
the biosynthesis of the neurotransmitter acetylcholine (CHAT),
the vesicular acetylcholine transporter VACHT, the neurofila-
ment SMI-32, and the transcription factors HB9, ISL1, and
PHOX2B (Figures 2A, 2B, and S4A-S4F), and by electrophysio-
logical recordings using an Hb9::GFP reporter (Figures 2C and
2D). We also observed the presence of ventral neuronal domains
in hSpS by immunohistochemistry at day 45 (Figures 2E, 2F, and
S4G), as well as the presence of astrocytes and oligodendro-
cytes at day 75 (Figure 2G). Whereas spinal cord progenitors
are organized in a well-defined laminar pattern during develop-
ment, post-mitotic neurons in the spinal cord do not appear to
maintain this organization at later stages (Lai et al., 2016).

Generation of Cortico-Spinal Assembloids

We previously described the generation of 3D spheroids resem-
bling the cerebral cortex (human cortical spheroids [hCS)) (Birey
et al., 2017; Pasca et al., 2015; Sloan et al., 2017, 2018), which
contain deep and superficial glutamatergic neurons. We verified
expression of cortico-spinal-associated markers in hCS,
including FEZF2, BCL11B (CTIP2), and SOX5, using single-cell
profiling of hCS (Birey et al., 2017) and found a population of cells
co-expressing these genes in the glutamatergic neuron cluster
but not in a subpallial-derived GABAergic cluster (Figure S5A).
Moreover, we confirmed the expression of some these genes
by real-time gPCR from day 45 to day 130 (Figure S5C), as well
as by immunocytochemistry with antibodies that we validated
in slices of human cortical tissue at post-conception week 17
(PCW17) (Figures S5D and S5E). Importantly, we found no
expression of cholinergic markers CHT1 and VACHT in hCS
(Figure S5B).

To generate cortico-spinal assembloids, we fused hSpS with
an hCS that had been infected with an AAV-hSYN1::eYFP re-
porter (Figure 3A). Live imaging at 5 days after fusion (daf)
showed processes derived from cells in the hCS extending into
hSpS (Figure 3B; Video S1). At 30 daf, immunocytochemistry
for YFP showed extensive hCS-derived projections in hSpS (Fig-
ure 3C). Quantification of the eYFP*-covered area in hSpS in
intact hCS-hSpS assembloids showed a progressive increase
of eYFP over time (5 daf versus 10 daf p = 0.009; 5 daf versus
20 daf p < 0.0001; Figures 3D, S5F, and S5G for examples of
hCS-hSpS assembloids at 20 daf), and this was not observed
to the same extent in hCS-hCS assembloids (5 daf versus 10
daf p > 0.9; 5 daf versus 20 daf p = 0.06; Figures 3E, S5H, and
S5Il). Immunohistochemistry in hCS-hSpS assembloids at 28
daf showed that hCS-derived eYFP processes often project to-
ward ISL17* cell clusters (Figure 3F). We also generated hSpS us-
ing a fluorescently labeled CAG::EGFP hiPS cell line to examine
reciprocal hSpS interactions with hCS and found that hSpS cells
sometimes projected into hCS but seldom migrated (Figure S5J).



doi.org/10.1016/j.cell.2020.11.017

Please cite this article in press as: Andersen et al., Generation of Functional Human 3D Cortico-Motor Assembloids, Cell (2020), https://

Cell

4000+
3000+

2000

Number of cells per mm?2

1. GAD67
CHAT

Figure 2. Characterization of hSpS

¢? CellPress

Hb9::GFP
PHOX2B

Hb9::GFP

VACHT
PHOX2B

0 200 400 600

ms

G SMI-32

(A) Quantification of the total number of cells expressing PHOX2B or HB9 per area (mm?) in 16 um hSpS cryosections at day 30. Data represent mean + SEM (n =
14 hSpS derived from 3 hiPS cell lines from 1-2 differentiations, with 2-4 cryosections quantified per hSpS).

(B) Representative immunohistochemistry images of day 30 hSpS.

C) Immunocytochemistry showing a lenti-Hb9::GFP* neuron in an hSpS cryosection.

E and F) Representative immunohistochemistry images of neuronal domains with diverse neurotransmitter identities on day 45 hSpS.

(
(D) Whole-cell current-clamp recording from an Hb9::GFP cell showing action potential generation in response to depolarizing current injections.
(
(

G) Immunocytochemistry in day 75 hSpS showing expression of the astrocyte marker GFAP and the oligodendrocyte marker MBP.
Scale bars, 10 um (C), inset in (G), 20 um (insets in E and F), 50 um (inset in B), 100 um (B and G), and 200 um (E and F).

See also Figure S4 and Table S1.

Similarly, we did not observe hSpS-derived Hb9 cells migrating
into hCS in hCS-hSpS assembloids where hSpS had been in-
fected with Hb9::mCherry (Figure S5K).

Viral Tracing, Optogenetics, and Calcium Imaging in
Cortico-Spinal Assembloids

To characterize the specificity of hCS-derived projections, we
used a retrograde rabies tracing approach (Figure 3G). We sepa-
rately infected hSpS with a AG-rabies virus carrying Cre-eGFP
and with an AAV carrying the rabies glycoprotein (G) required
for trans-synaptic spread (Coulon et al., 1983; Etessami et al.,
2000), and hCS with an AAV encoding mCherry under a dou-
ble-floxed inverse orf (DIO-mCherry). After 6-7 days of infection,
day ~80 hCS and days ~40-50 hSpS were assembled and
expression of GFP and mCherry was examined at 31 daf. We
predicted infected neurons in hSpS would express GFP from
the rabies-Cre virus, and hCS neurons would co-express GFP
and mCherry following rabies-Cre retrograde transport and
recombination. We observed extensive expression of GFP in

hSpS and cells co-expressing GFP and mCherry in hCS (Figures
3H and S5L). We found that ~95% of the GFP*/mCherry* cells in
hCS co-expressed the neuronal marker MAP2 and fewer than
4% expressed the glial lineage marker GFAP (Figures 3I, 3J,
S5M, and S5N). Corticofugal projection neurons, which include
cortico-spinal projecting cells, express CTIP2 and are mainly
located in deep layers of the cerebral cortex, whereas neurons
located in superficial layers express BRN2 and project to the
contra-lateral cortex (Greig et al., 2013). To verify the projection
identity of GFP*/mCherry* cells, we quantified the proportion of
cells that co-expressed either CTIP2 or BRN2. We found that
almost 60% of all GFP*/mCherry* cells co-expressed the corti-
cofugal marker CTIP2, and only ~12% co-expressed BRN2 (Fig-
ures 3K-3M and S50), although the relative proportions of these
cell types were not different in hCS at this in vitro stage
(Figure 3N).

We next used optogenetics and calcium imaging to probe
whether hCS-derived projections formed functional connec-
tions. We used AAV viruses to separately deliver, before
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Figure 3. Generation of hCS-hSpS Assembloids and Characterization of Cortico-Spinal Projections
(A) Schematic illustrating the fusion of hCS and hSpS to form hCS-hSpS assembloids.
(B) Representative images of intact hCS-hSpS assembloid showing hCS-derived hSYN1::eYFP projections 6, 12, and 17 days after fusion (daf). See Video S1 for
live imaging of AAV-hSYN1::eYFP projection at 5 daf.
(C) Immunocytochemistry of hCS-hSpS assembloid 30 days after fusion (daf).
(D) Quantification of hCS-derived eYFP coverage in hSpS area at 5, 10, and 20 daf in hCS-hSpS assembloids (n = assembloids from 3 hiPS cell lines from 3
separate differentiations, Kruskal-Wallis test p < 0.0001 with Dunn’s multiple test comparison: **p = 0.009 for 10 daf versus 5 daf, ***p < 0.0001 for 20 daf versus
5 daf).
(E) Quantification of total eYFP line length on the projection side of hCS-hSpS or hCS-hCS assembloids at 20 daf (n = 3 hiPS cell lines from 1-2 differentiations;
Mann-Whitney test: *p = 0.01). Boxplot shows median and 75™ and 25th™" percentiles, and whiskers show minimum (min.) and maximum (max.) values.
(F) Immunohistochemistry images in hCS-hSpS assembloids at 28 daf showing eYFP projections overlapping with ISL1* cell clusters.
(G) Schematic detailing retrograde viral tracing experiment in hCS-hSpS assembloids.
(H) Immunocytochemistry of hCS-hSpS assembloid at 31 daf showing co-expression of GFP and mCherry on the hCS side.
(I) Immunocytochemistry of hCS-hSpS assembloid at 31 daf showing expression of mCherry and MAP2.
(J) Quantification of the percentage (%) of GFP* and mCherry™ cells on the hCS side that co-express MAP2 or GFAP (n = 10 assembloids from 3 hiPS cell lines
from 1-2 separate differentiations, with 2-3 cryosections quantified per assembloid).

(legend continued on next page)
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assembly, the light-sensitive opsin Chrimson (Chrim, AAV-
hSYN1-ChrimsonR-tdT) (Klapoetke et al., 2014) into hCS and
the genetically encoded calcium indicator GCaMP7s (AAV-
hSYN1-jGCaMP7s) into hSpS (Figures 4A and 4B). We then
imaged calcium transients (10 Hz) at 29-46 daf, while delivering
short (100 ms) pulses of red light (625 nm) onto hCS using a fiber
optic. We found that neurons in hSpS in 4 out of 10 assembloids
responded with calcium spikes that followed the stimulus after
~200 ms (Figures 4C and 4D). To confirm the relationship be-
tween stimulation and calcium responses, we compared the
stimulus-triggered change in amplitude (AF/F) to random time-
locked AF/F in the same cell. We found that the median ampli-
tude of the response was ~5 times higher for real stimulation
compared to randomly selected time points (n = 16 cells, p =
0.0005); Figure 4E). These responses were blocked by applica-
tion of the ionotropic glutamate receptor blockers NBQX
(20 uM) and APV (50 uM) (Figures 4D and 4F), indicating glutama-
tergic transmission from hCS to hSpS.

To verify that cortical neurons in hCS are synaptically con-
nected to motor neurons in hSpS, we performed voltage clamp
recordings in slices of hCS-hSpS assembloids. We infected
hCS with AAV1-Syn1::Chrimson-mCherry and used the
Hb9::GFP reporter in hSpS to visually identify motor neurons
(Figures 4G and 4H). We found that consecutive light stimulation
to the area surrounding Hb9* cells could result in reliable post-
synaptic currents (Figure 4l; 2 out of 30 recorded cells in 4 as-
sembloids). These responses could be blocked by application
of TTX, indicating that they have been triggered by action poten-
tials in axons of hCS neurons by mono- or di-synaptic connec-
tions. Together, these assays indicate that corticofugal neurons
in hCS synaptically connect with neurons in hSpS.

Functional Assembly of Spinal Spheroids with Muscle
The functional output of the cortico-motor circuit is muscle
contraction through motor neuron activity. To probe the ability
of hSpS to mediate muscle contraction, we dissected mouse
limb buds at embryonic day 11.5 (E11.5) before spinal cord
axonal innervation and directly assembled them with hSpS
derived from a TUBA1B-mEGFP hiPS cell line. We observed
extensive projections from the hSpS into the limb bud upon as-
sembly (Figure 5A). Moreover, limb buds displayed spontaneous
contractions when assembled with hSpS, but not when kept in
isolation or when assembled with hCS (%2 test, p = 0.02; Fig-
ure 5B). Activity in hSpS-limb assembloids persisted for at least
2 weeks in vitro and was completely blocked by addition of the
acetylcholine receptor antagonist curare (100 pM; %2 test, p =
0.02, Figure 5B; Video S2, sequence 1).

Next, we probed the ability of hSpS to modulate the activity of
human muscle cells. To achieve this, we used human skeletal
myoblasts (hSkM) (Figure S6A) derived from adult muscle bi-
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opsies. Differentiated myotubes expressed markers of mature
skeletal muscle, such as desmin (DES), titin (TTN), and the heavy
chain myosin (MyHC), and became multinucleated (Figures S6B
and S6C). We placed hSpS on top of hSkM grown in 2D adherent
cultures (Figure 5C), and within a week, hSpS projected out to
cover muscle cells (Figure 5D). Using live imaging with the calcium
indicator Cal-590, we found that the proportion of active hSkM
doubled in hSpS-hSkM in comparison to hSkM in isolation or
co-cultured with hCS (hSpS-hSkM versus hSkM p = 0.01; Figures
5E and S6D; Video S2, sequence 2). This effect was observed
mainly in hSkM within 1 mm of hSpS (hSkM versus hSpS-hSkM
<1 mm, p < 0.0001; Figures S6E and S6F) and was blocked by
curare (Figure 5E). Immunocytochemistry of hNSkM after co-culture
with hSpS revealed binding of bungarotoxin (BTX) (Figure S6G), a
peptide that binds with high affinity to nicotinic acetylcholine re-
ceptors at neuromuscular junctions (NMJs).

We then generated 3D hSkM by combining dissociated prolifer-
ative hSkM in an extracellular matrix within a silicone well (Fig-
ure 5F; see STAR Methods for details). We placed an hSpS and
a 3D hSkM in close proximity on top of a 6-well transwell insert
to generate hSpS-hSkM assembloids (Figures 5G, 5H, and
S6H). Using spheroids derived from the TUBA1B-mEGFP hiPS
cellline, we noticed that by 12 daf hSpS sent out abundant projec-
tions to the 3D hSkM (Figure 5I). To verify the specificity of these
projections, we next performed retrograde rabies tracing. We
delivered the AG-rabies-Cre-eGFP virus together with an AAV-G
to differentiated hSkM that were assembled with day 37 hSpS
(Figure 5J). We examined expression of GFP in hSpS 18 days after
assembly and found that 90% of GFP* cells were CHAT", while
less than 5% of these cells were GABA* (Figures 5K, 5L, Sél,
and S6J). Further quantification showed that ~45% of these cells
were also positive for the motor neuron-related transcription fac-
tor ISL1 but not for CHX10, PROX1, or FOXP2 (Figures S6K-S6M).

Next, we investigated whether hSpS cholinergic projections
were functionally connected to hSkM using glutamate uncaging.
We used 405 nm photostimulation in the presence of MNI-caged
glutamate in the medium to rapidly and locally release glutamate
(Figure S6N; Table S1 includes details of all stimulation experi-
ments). Photostimulation of hSpS in hSpS-hSkM assembloids
resulted in robust hSkM contraction in the presence, but not in
the absence, of MNI-caged glutamate (Figures 5M, 5N, S60,
and S6P; Video S3), and addition of curare stopped hSkM con-
tractions (100 uM; Figure 5N). Last, we used immunocytochem-
istry to verify the presence of neuromuscular junctions by
labeling Desmin* myofibers with the pre-synaptic marker synap-
tophysin and BTX (Figures 50 and S6Q-S6S).

Functional Applications in Cortico-Motor Assembloids
To model higher-order control of motor output, we implemented
the tools described above to generate and characterize a

(K and L) Representative immunocytochemistry image for CTIP2 (K) or BRN2 (L) on the hCS side of hCS-hSpS assembloids at 31 daf.

(M) Quantification of the percentage (%) of GFP* and mCherry™ cells on the hCS side that co-express either CTIP2 or BRN2 (n = 10 assembloids derived from 3
hiPS cell lines from 1-2 separate differentiations, with 2-3 cryosections quantified per assembloid).

(N) Quantification of the percentage (%) of CTIP2* or BRN2* among all Hoechst" cells in hCS (n = 6 assembloids derived from 3 hiPS cell lines from 1-2 separate

differentiations, with 2-3 cryosections quantified per assembloid).

Data represent mean + SEM unless otherwise specified. Scale bars, 50 um (C, H, |, K, L, and inset in I), 100 um (F), and 200 um (B).

See also Figure S5 and Table S1.
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Figure 4. Functional Connectivity in hCS-hSpS Assembloids

(A) Schematic detailing optogenetic stimulation coupled with GCaMP imaging
in hCS-hSpS assembloids.

(B) Representative picture of intact hC
46 days after fusion (daf).

GAAV-Chrim_pggGCaMP7s agsembloid
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functional cortico-motor unit in vitro. We fused intact hCS with
hSpS and 3D hSkM on top of transwell inserts (Figures 6A and
6B). We then verified the presence of spontaneous contractions
in hSkM. We looked at displacement of pixels over time in imag-
ing fields (subdivided into 16 subfields; Figure S7A). We found
that hSpS-hSkM and hCS-hSpS-hSkM assembloids displayed
~5X more spontaneous contractions compared to hSkM alone
or hCS-hSkM assembloids (p = 0.03 for hSpS-hSkM versus
hSkM; p = 0.0003 for hCS-hSpS-hSkM versus hSkM) (Figure 6C;
Video S4). Moreover, we found that spontaneous activity in
hSpS-hSkM and hCS-hSpS-hSkM assembloids was more coor-
dinated across fields as assessed by analysis of the covariance
between subfields in an imaging field (p = 0.01 for hNSpS-hSkM
versus hSkM, p = 0.03 for hCS-hSpS-hSkM versus hSkM) (Fig-
ures 6D, 6E, S7B, and S7C). However, we found no significant
difference in the number of contractions or the covariance be-
tween hSpS-hSkM and hCS-hSpS-hSkM (p = >0.99).

Next, we probed the functional connectivity by selective stim-
ulation of hCS. We used glutamate uncaging to photostimulate
hCS in hCS-hSpS-hSkM assembloids (405 nm, 340 ms). This re-
sulted in robust muscle contraction (p = 0.002) (Figures 6F-6H)
suggesting functional assembly of a cortico-spinal-muscle func-
tional unit. The contraction was blocked by treatment with
100 um curare (Figures 6G, S7D, and S7E) and was not related
to UV exposure (Figures S7F and S7G). Moreover, glutamate un-
caging of hCS in hCS-hSkM did not elicit a response (Figures 6l
and 6J), showing that muscle contraction upon cortical stimula-
tion is dependent on the presence of the hSpS.

To validate cortical activation of muscle in hCS-hSpS-hSkM
assembloids and achieve broader stimulation, we used optoge-
netics. We delivered Chrimson into hCS before assembly (Fig-
ures 6K and S7H) and used light stimulation (68 ms at 625 nm,
5 pulses, 100 frames or 6.8 s apart each) at 20-30 days after
hCS-hSpS-hSkM assembly. Activation of Chrimson-expressing
hCS induced global contractions in hSkM in 85.7% of tested as-
sembloids (p = 0.01) (Figures 6L and 6M; Video S5, sequence 1)
and 40% of pulses (Figure 6N shows the distribution of

(C) Representative images of two GCaMP7s-infected cells in an hCS-hSpS
assembloid before and after optogenetic stimulation (625 nm, 100 ms each).
(D) Representative AF/F traces showing spontaneous and light-evoked cal-
cium responses in three GCaMP7s-infected cells before and after adding
NBQX (20 pM) and APV (50 uM). Optogenetic stimulation (625 nm, 100 ms
each) is indicated with a purple rectangle. AF/F indicates the fluorescence
intensity over baseline fluorescence.

(E) Quantification of the stimulation-triggered AF/F amplitudes, shown in
comparison to randomized-triggered amplitudes (n = 16 cells from 4 assem-
bloids derived from 2 hiPS cell lines from 1-2 differentiations; two-tailed paired
t test: **p = 0.0005).

(F) Stimulation-triggered average of the calcium response to optogenetic
stimulation in paired cells with and without NBQX and APV (n = 16 cells from 4
assembloids derived from 2 hiPS cell lines). Black traces represent the mean
and shaded bars represent the SEM.

(G) Schematic detailing optogenetic stimulation coupled with patch clamping
slice recording in hCS-hSpS assembloids.

(H) Example images of an hCSAAY-CNMM_ngpgH9=GFP 4gsembloid.

(I) Chrimson-triggered EPSCs in an Hb9::GFP* neuron voltage clamped to
=70 mV, (left) and lack of EPSCs following TTX application (right).

Scale bars, 10 um (inset in H), 20 um (C), 50 um (H), and 200 um (B).

See also Table S1.
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Figure 5. hSpS Control of Muscle Activity

(A) Image of intact assembloid showing hSpS derived from TUBA1B-mEGFP projecting into mouse limb. This image was generated by manual stitching of in-
dividual images.

(B) Quantification of the proportion of contracting limb, hCS-limb or hSpS-limb assembloids 7 and 14 days after fusion (daf; n = 3 hiPS cell lines from 1 differ-
entiation; % test, p = 0.02), in the absence or presence of curare (100 uM; n = 3 hiPS cell lines; %2 test, p = 0.02). See Video S2, sequence 1, for live imaging of a
contracting hSpS-limb assembloid with or without curare.

(C) Schematic showing the co-culture of 2D human skeletal myoblasts (hSkM) and spheroids (hCS or hSpS).

(D) Immunocytochemistry of 2D hSkM 7 days after co-culture with hCS or hSpS.

(E) Quantification of spontaneous calcium activity in hSkM (Cal-590 AM) in either hSkM alone or after co-culture with hCS, hSpS or hSpS + curare (100 uM). Graph
on the left shows % of active hSkM per field recorded (n = 2 hiPS cell lines from 1-2 differentiations; Kruskal-Wallis test: p < 0.0001, with Dunn’s multiple

(legend continued on next page)
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successful stimulation and Figures S71 and S7J show an
example where muscle contraction is induced in only 2 of the 5
light pulses; Table S1), while stimulation of Chrimson-expressing
hCS in hCS-hSkM did not trigger a response (Figures S7K and
S7L). To test whether this response was mediated by glutama-
tergic transmission, we added the AMPA and NMDA receptor
blockers NBQX (50 uM) and APV (50 uM), which completely
abolished light-induced responses (Figures 6M and 60).

Next, to test whether hCS-hSpS-hSkM assembloids could be
entirely derived from hiPS cells, we generated hiPS cell-derived
skeletal myoblasts using a protocol adapted from Chal et al.
(2016) (Figure S8A). Following myoblast differentiation, sub-
culturing and fluorescence-activated cell sorting (FACS) purifica-
tion (Figures S8B-S8F), we generated 3D hiPS cell-derived
hSkM (ihSkM) as we did for primary myoblasts in Figure 5F.
We found that these 3D ihSkM can also be assembled with
hSpS and hCS to generate three-part assembloids (Figure S8G)
that display contraction following optogenetic stimulation (Fig-
ures S8H and S8l).

Because quantification of contractions and displacement de-
pends on changes in pixel intensities, and this could vary from
preparation to preparation and over time, we next implemented
the use of a calcium indicator expressed under a muscle-specific
promoter to monitor cellular activity in hSkM. For this, we deliv-
ered Chrimson into hCS as well as lenti-ACTA1::GCaMP®6s into
hSkM, and used light stimulation (100 ms at 625 nm, 5 pulses,
100 frames or 10 s apart each) at 4 weeks after hCS-hSpS-
hSkM assembly (Figure 6P). Activation of Chrim-expressing
hCS induced calcium spikes in hSkM fibers (Figures 6Q and
6R; Video S5, sequence 2), and these were dependent on the
presence of Chrimson, as light stimulation of hCS-hSpS-hSkM
assembloids in the absence of the opsin did not elicit any re-
sponses (Figures 6S and 6T).

Long-Term Culture and Functionality of Cortico-Motor
Assembloids

Conventional motor neuron and muscle co-cultures are not
amenable to long-term experiments, as cells tend to detach
over time (Thomson et al., 2012). We found that hCS-hSpS-
hSkM can be kept in culture for up to 10 weeks post-assembly
(~16-18 weeks from the initiation of hSpS differentiation). To

Cell

characterize cortico-motor assembloids over time, we first per-
formed electron microscopy 8 weeks after assembly (Figures
7A-7F and S7M-S7S). We found that assembloids at this time
present intact axons and dendrites (Figure S7N), mature synap-
ses (Figures 7B, 7C, S70, and S7P), organized skeletal muscle
fibers (Figures 7D and S7Q), and neuromuscular contacts (Fig-
ures 7E, 7F, S7R, and S7S). Moreover, we used immunohisto-
chemistry in hCS-hSpS-hSkM assembloids at 10 weeks (Fig-
ure 7G) and found the presence of hCS-derived projections
into hSpS (Figures 7H and S7U), motor neurons (Figure 71,
S7U, and S7V), non-reactive astrocytes (Figures 7H and S7V),
myelinating oligodendrocytes (Figures 7H and 71) and neuromus-
cular junctions (Figure 7J). Together, these data indicate that
hCS-hSpS-hSkM assembloids can be maintained in culture for
up to 10 weeks without structural disintegration.

Next, we probed the ability of hCS-hSpS-hSkM assembloids
to maintain functional connections over 8 weeks post-assem-
bly. For this, we generated hCS™V-CNMM_hSpS-hSkM assem-
bloids and performed optogenetic stimulations at 5 and 8 weeks
(Figure 7K). We found that hSkM contracted after light stimula-
tion at both time points, although the success rate for contract-
ing assembloids at 8 weeks tended to be decreased (50%
versus 81% success rate at 8 and 5 weeks, respectively; p =
0.06; Figure 7L). Interestingly, however, assembloids at 8 weeks
tended to be more likely to repeatedly contract following five
consecutive stimulations (Figures 7M and 7N; p = 0.06), sug-
gesting a more robust response after long-term culture. To
investigate this further, we imaged calcium activity using
GCaMP6s in hSkM fibers following optogenetic stimulation at
4-5 or at 7-8 weeks (Figure 70). Light-induced hCS activity eli-
cited calcium spikes in hSkM at both 4-5 and 7-8 weeks, but
although hSkM fibers in assembloids respond to the first stimu-
lation at both ages, only at the later time point cells are able to
maintain a robust response after 5 stimulations (Figures 7P
and 7Q; p = 0.008 for Stim 5).

Taken together, these results demonstrate that the assembly
of intact 3D human cultures resembling the cerebral cortex,
hindbrain/spinal cord and skeletal muscle enables the forma-
tion of neural circuits that can be readily manipulated over
several weeks in vitro to model cortical control of muscle
contraction.

comparison test ***p < 0.0001). Graph on the right shows the percentage (%) of active hSkM per co-culture experiment (fields imaged in one experiment
combined; n = 2 hiPS cell lines from 1-2 differentiations; Kruskal-Wallis test: p = 0.02, with Dunn’s multiple comparison test *p = 0.01). See Video S2, sequence 2
for calcium activity of hSkM and hSpS-hSkM.

(F) Images showing the generation of 3D hSkM and the assembly with hCS and hSpS. (1) Dissociated hSkM are resuspended in Geltrex and placed in silicone
wells. (2) Silicone wells are placed in ultra-low attachment plates in hSkM growth medium. (3) hSkM growth medium is switched to differentiation medium.

(G and H) Schematics showing hSpS-hSkM assembloid set-up.

(I) Representative images of 3D hSkM that have been assembled with hCS or hSpS derived from a TUBA1B-mEGFP hiPS cell line.

(J) Schematic detailing retrograde viral tracing experiment in hSpS-hSkM assembloid.

(K) Representative immunohistochemistry image for rabies-derived GFP, CHAT, and ISL1 on the hSpS side of hSpS-hSkM assembloids at 18 daf.

(L) Quantification of the percentage (%) of GFP* cells on the hSpS side of hSpS-hSkM assembloids that co-express either CHAT or GABA (n = 8 assembloids
derived from 3 hiPS cell lines from 1 differentiation, with 3-6 cryosections quantified per assembloid).

(M and N) Glutamate uncaging in hSpS-hSkM assembloid. UV light (405 nm, 136 ms) uncages glutamate on hSpS (M). Displacement normalized to baseline over
time is shown for 3 subfields in the presence or absence of curare (100 uM; N). See Video S3 for an example of glutamate uncaging in an hSpS-hSkM assembloid.
Table S1 shows details of all stimulation experiments.

(O) Representative immunohistochemistry showing a neuromuscular junction (NMJ) with synaptophysin 1 (SYP) and bungarotoxin (BTX) on a desmin* (DES)
myofiber. Inset: 3D rendering of the NMJ.

Data represent mean + SEM. Scale bars, 2 um (O), 20 um (inset in K), 50 um (K), 100 pm (A), and 200 um (D, |, and M).

See also Figure S6.
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Figure 6. Cortical Activity Modulates Muscle Function in hCS-hSpS-hSkM Assembloids
(A) Schematic showing hCS-hSpS-hSkM assembiloid set-up.
(B) Representative image showing intact hCS-hSpS-hSkM assembloid. This image was generated by manual stitching of individual images.

(C) Quantification of spontaneous contractions over a 2-min period showing the median number of events in subfields per field (n = 10 fields from 5 assembloids
for hSkM, n = 12 fields from 6 assembloids from 1-2 differentiations for hCS-hSkM, n = 14 fields from 7 assembloids from 1-2 differentiations for h\SpS-hSkM, n =
19 fields from 11 assembloids from 1-2 differentiations for hCS-hSpS-hSkM; Kruskal-Wallis test p < 0.0001, with Dunn’s multiple comparison test: *p = 0.03 for

(legend continued on next page)
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DISCUSSION

Cell reprograming and the subsequent derivation of human neu-
rons from patients holds great promise for studying brain disor-
ders (Amin and Pasca, 2018; Dolmetsch and Geschwind, 2011;
Han et al., 2011). However, modeling of complex cell-cell inter-
actions and circuit assembly in vitro remains a challenge (Pasca,
2018, 2019). We previously showed the potential of using region-
specific spheroids as a modular approach to study human inter-
neuron migration and identify disease phenotypes (Birey et al.,
2017). Here, we leveraged this approach to generate an intact,
three-component cortico-motor circuit in which cortical neural
activation controls muscle contraction via activation of motor
neurons. This represents a significant advance beyond prior
models in which individual components of motor circuits have
been generated in 3D in isolation or co-cultured in 2D (Duval
et al., 2019; Ogura et al., 2018; Sances et al., 2016; Shi et al.,
2018; Steinbeck et al., 2016). First, we used human-derived
components that are assembled in a self-organizing 3D prepara-
tion, and we achieved this reliably using multiple hiPS cells lines.
Second, we built assembloids from intact, 3D cultures that have
been patterned to resemble specific regions of the central ner-
vous system. Specifically, we have generated hSpS that contain

Cell

a large diversity of spinal neuronal domains and shown they
resemble in vivo neuronal populations in mouse. This allows
greater cell diversity while leveraging the ability of specific neural
populations to form human circuits. Third, we showed the gener-
ation, from three components, of a functional human neural cir-
cuit that contains at least two synaptic contacts. Moreover, we
implemented a series of neuroscience tools and showed that
this system can be used for tracing connectivity using a rabies
virus, as well as for probing and manipulating neural activity us-
ing calcium imaging, glutamate uncaging, and optogenetic stim-
ulation. Finally, we showed that this three-part assembloid can
be maintained functionally and morphologically intact for up to
10 weeks in vitro. This feature may allow for further refinement
and maturation of connections, as well as myelination, which
could facilitate the study of cellular phenotypes of neurodegen-
erative disorders.

Moving forward, there are a number of potential applications
for this cellular platform that could be used to gain insights into
the evolution, development, and disorders of the cortico-spi-
nal-muscle circuit. For instance, primates possess direct
monosynaptic cortico-spinal connections that control fine motor
movements (Lemon, 2008; Sousa et al., 2017), and a better un-
derstanding of the underlying developmental mechanisms of

hSpS-hSkM versus hSkM, ***p = 0.0003 for hCS-hSpS-hSkM versus hSkM). Boxplot shows mean + SEM and whiskers show 90 and 10'" percentiles. See Video
S4 for an example of spontaneous contractions in an hCS-hSpS-hSkM assembloid.

(D) Representative spontaneous contraction traces in subfields of hCS-hSkM or hCS-hSpS-hSkM assembloids.

(E) Correlation of displacements between subfields in a field quantified using covariance analysis. Data represent mean + SEM (n = 10 fields from 5 assembloids
for hSkM, n = 12 fields from 6 assembiloids for hCS-hSkM, n = 14 fields from 7 assembloids for hSpS-hSkM, n = 19 fields from 11 assembloids for hCS-hSpS-
hSkM; Kruskal-Wallis test p = 0.001, with Dunn’s multiple comparison test: *p = 0.01 for hSpS-hSkM versus hSkM, *p = 0.03 for hCS-hSpS-hSkM versus hSkM).
(F and G) Glutamate uncaging in hCS-hSpS-hSkM assembloid. UV light (405 nm) uncages glutamate specifically on hCS (F). Displacement normalized to baseline
over time is shown for 3 subfields and two trials (G).

(H) Quantification of displacement normalized to baseline in different glutamate uncaging experiments. Values of the last frame before stimulation (Pre stim) and
the highest of the first 3 frames or 204 ms after stimulation (Post stim) are plotted per field (subfields per field are averaged; n = 10 fields from 7 assembloids
derived from 3 hiPS cell lines from 1-2 differentiations; Wilcoxon test **p = 0.002).

(I and J) Glutamate uncaging of hCS in hCS-hSkM assembiloid (I). Displacement normalized to baseline over time is shown for 4 subfields in the presence of caged
glutamate (J). Similar results were obtained in n = 4 hCS-hSkM assembloids derived from 2 hiPS cell lines.

(K) Representative image showing an intact hCS-hSpS-hSkM assembloid in which hCS was infected with AAV-hSYN1-ChrimsonR-tdT prior to assembly. This
image was generated by manual stitching of individual images.

(L and M) Optogenetic stimulation in hCS-hSpS-hSkM assembloids. Five consecutive pulses of light (625 nm, 68 ms in duration each and 6.8 s apart) were
delivered (L). Traces of whole-field muscle displacement are shown after normalization to the pre-stimulation baseline in the absence or presence of NBQX
(50 uM) and APV (50 uM) (M). See Video S5, sequence 1 for an example of optogenetic stimulation in a hCS-hSpS-hSkM assembloid.

(N) Histogram illustrating the success rate of optogenetic stimulation (out of 5 consecutive pulses for each assembloid; n = 15 trials of 5 pulses in 7 assembloids
from 1-2 differentiations).

(O) Quantification of displacement (normalized to pre-stimulation baseline) per assembloid in the presence or absence of NBQX and APV (50 uM). Pre stim
represents the highest value of displacement in the 20 frames (1.36 s) before stimulation. Post stim represents the average across 5 pulses of the highest value in
the 20 frames immediately following stimulation (left: n = 7 assembloids derived from 3 hiPS cell lines from 1-2 differentiations; Wilcoxon matched paired t test
*p = 0.01; right: n = 6 assembloids derived from 3 hiPS cell lines from 1-2 differentiations; two-tailed paired t test p = 0.94). Table S1 includes details of stimulation
experiments.

(P) Optogenetic stimulation coupled with calcium imaging in hCSAAY-ChiM_hSpS-hSkMACTAT:GCaMPBs Eiye consecutive pulses of light (625 nm, 100 ms in duration
each and 10 s apart) were delivered.

(Q) Representative bright-field and ACTA1::GCaMP6s images of hSkM in hCS-hSpS-hSkM assembloid before and after stimulation. See Video S5, sequence 2
for an example of optogenetic stimulation coupled with calcium imaging in a hCS-hSpS-hSkM assembloid.

(R) Quantification of the stimulation-triggered AF/F amplitudes, shown in comparison to randomized-triggered amplitudes in hSkM cells. The median AF/F
amplitude of the five pulses delivered per cell is shown (n = 82 cells from 8 fields in 6 assembloids derived from 2 hiPS cell lines and 2 separate differentiations;
Wilcoxon matched paired t test: ***p < 0.0001).

(S) Optogenetic stimulation in hCS-hSpS-hSkMACTAT:GCaMPes 45sempbloid (no opsin; five consecutive 100-ms pulses).

(T) Quantification of stimulation-triggered AF/F amplitudes, shown in comparison to randomized-triggered amplitudes in hSkM cells of hCS-hSpS-hSkM as-
sembloids without Chrimson. The median AF/F amplitudes of the five pulses delivered per cell are shown (n =91 cells from 6 fields in 4 assembloids derived from 2
hiPS cell lines and 1 differentiation; Wilcoxon matched paired t test: p = 0.27).

Scale bars, 200 um (B, F, |, K, L, and Q).

See also Figures S7 and S8.
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Figure 7. Long-Term Culture and Functionality of hCS-hSpS-hSkM Assembloids

(A) Schematic detailing location of electron microscopy images within hCS-hSpS-hSkM assembloids.

(B and C) Representative images within hSpS in hCS-hSpS-hSkM assembloids showing dendrites and synapses with synaptic vesicles (arrowheads), post-
synaptic densities (asterisks), and mitochondria (arrows).

(D) Representative images within hSkM in hCS-hSpS-hSkM assembloids showing skeletal muscle fibers with actin and myosin filaments and mitochondria
(arrows).

(E and F) Representative images within hSkM in hCS-hSpS-hSkM assembloids showing points of contact between hSpS neurons and hSkM. Neuron terminals
are vesicle-laden (arrow heads) and present mitochondria (arrows). hSkM are surrounded by a basal lamina (hollow arrowheads) and present small invaginations
on the membrane (asterisks, F).

(G) Schematic detailing location of images within hCSAY-CNM_hSpS-hSkM assembloids.

(H-J) Representative immunohistochemistry images in cryosections of hGS*"V-°"M_hSpS-hSkM assembloids showing oligodendrocytes (H), motor neurons (I)
and neuromuscular junctions (J). Insets in (H) show oligodendrocytes in hSpS, and inset in () shows a single Z plane.

(K) Optogenetic stimulation in hCS-hSpS-hSkM assembloid (five consecutive 68 ms pulses) at 5 and 8 weeks post-assembly. Displacement in hSkM was
quantified.

(legend continued on next page)
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assembly could bring insights into the unique primate aspects of
this circuit. Moreover, patient-derived cells could be used to
dissect cell-autonomous effects and cell-specific vulnerabilities
in the context of amyotrophic lateral sclerosis or spinal muscular
atrophy (Garden and La Spada, 2012). Co-culture with autolo-
gous immune cells may reveal the cellular cross-talk underlying
multiple sclerosis and other autoimmune conditions. We also
envision that, once assembled, this three-way system could be
physically perturbed at various levels (cortical, hindbrain-cervi-
cal) to develop a human cellular model of spinal cord injury
(SCI) (Thiry et al., 2020) and to investigate regeneration at early
stages of development. In the context of SCI, these studies could
also explore damage affecting the phrenic nerve that controls the
thin diaphragmatic skeletal muscle. In addition, assembly with
other brain regions such as dorsal root ganglia neurons or
midbrain spheroids, could be used to model sensory input
(Koch et al., 2018; Levine et al., 2012) or rubrospinal tract con-
nectivity (Cregg et al., 2020). Ultimately, assembloids of various
parts of the CNS could bring insights into understanding assem-
bly of different types of human circuits and into identifying ther-
apeutic strategies.

Limitations of Study

These applications would greatly benefit from further improve-
ments such as the generation of more caudal spinal cord cell
types (Faustino Martins et al., 2020; Gouti et al., 2014), the pres-
ence of organizing centers or implementation of other strategies
to improve progenitor domain organization as illustrated by
Duval et al. (2019) and Ogura et al. (2018), and the assessment
of ascending projections. Moreover, further optimization of opto-
genetic approaches with cell-type-specific reporters could bet-
ter capture connectivity.
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