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such as C9orf72, TBK1, OPTIN, FUS, ALS2, ATG family, BECN1, 
ULK1, and ULK2, which are associated with ALS pathogenesis and 
autophagy (tables S2 to S4).

Since the iPSC-MNs and control cells were transfected with the 
channelrhodopsin-2[H134R] gene, neural activity and muscle contrac-
tion could individually be stimulated in the absence of glutamic acid 

(Fig. 5F). Using the optogenetically induced iALS-NSCs, we created 
iALS-MN spheroids, with hESC-derived MN spheroids as the control 
(Fig. 5G). Quantitative PCR analysis showed no significant differ-
ences in the expression of Olig2, HB9, or GFAP, although the expres-
sion of islet1, ChAT, SMI-32, and Synapsin I decreased after 45 days 
of differentiation (Fig. 5H). These results suggest that differentiation 

Fig. 6. Muscle contraction by optical stimulation with rapamycin and bosutinib and expression of autophagy. (A to C) Muscle contraction force by optical stimula-
tion without drugs and with rapamycin and cotreatment of rapamycin and bosutinib. Red arrows indicate the absence of muscle contraction with light stimulation. Blue 
dashed lines indicate times of light stimulation. (D) Successful rate of muscle contraction by light stimulation in three cases. The ALS motor unit often misses muscle con-
traction (~56%), whereas drug treatments returned the success rate of muscle to nearly normal; n = 6. ALS, ALS+Rap, ALS+Rap/+bosutinib ; n = 4. (E) To measure gene expression 
after coculture in the device, two tissues were collected separately and then total RNA was purified. (F) Gene expression change of the MN spheroid after D14 of culture. 
ATG5, ATG7, ATG16L2, BECN1, ULK1, ULK2, and LC3 regulating autophagy increased by the addition of rapamycin and bosutinib, while expression of TDP-43 decreased. 
n = 4. (G) Changes in gene expression related to the myogenesis and apoptosis of muscle tissue after D14 of culture with drug treatment. n = 4. (H) TDP-43 turnover in 
MN in the microfluidic devices after 14 days of culture. In the presence of drugs, the aggregation of TDP-43 was somewhat suppressed. Scale bars, 20 m. *P < 0.05; **P < 
0.01, two-way ANOVA. Error bars ± SD.
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efficiency does not differ significantly between iALS-MNs and 
hESC-MNs but iALS-MNs lack gene profiles related to neurofila-
ment formation, acetylcholine synthesis, and synapse formation. In 
particular, the low expression of ChAT (fig. S7B) severely impairs 
motor unit function because ChAT regulates the interaction between 
MNs and muscle cells via NMJs (25). In addition, immunostaining 
showed that GFAP-positive cells (astrocytes) were found in the 
iALS-MN spheroids at the same level as in the hESC-MN spheroids 
(fig. S5E). The percentage of HB9-positive cells was the same be-
tween the hESC-MN spheroids and the iALS-MN spheroids, but the 
proliferation rates and spheroid diameters were different (fig. S7A).

To establish the ALS motor unit, we injected heterogeneous 
iALS-MN spheroids into the microfluidic devices with 3D muscle 
fiber bundles (Fig. 5I). Although neurite elongation in the iALS-MNs 
was slightly slower compared with the control (Fig. 5J and fig. S5F), we 
obtained ALS motor units with NMJs in at least 7 days. After 14 days 
of coculture (42 days after differentiation), thick nerve fibers were 
observed in the collagen gel (Fig. 5I). However, fewer thick fibers 
were observed compared with the hESC-derived motor unit (fig. S5G). 
This morphological difference was reflected in the phenotype, neu-
rite length, and elongation speed of the iALS-MNs (Fig. 5, I and J, 
and fig. S8, H and I).

To study MN neuroprotection, we treated the ALS and control 
models with bosutinib (an ALS drug candidate that inhibits the 
Src/c-Abl pathway) and rapamycin [an ALS drug candidate that in-
hibits the mechanistic target of rapamycin (mTOR) pathway and 
induces autophagy activation by targeting proteins such as TDP-43 
(26)]. On day 7, there was little difference in the optical stimulation–
induced muscle contraction force between the ALS and control 
models with [~1.1 N (0.13 mN/mm2)] or without treatment [~1.2 
to 1.3 N (0.15 to 0.17 mN/mm2); Fig. 5K]. However, treatment 
with rapamycin or cotreatment with bosutinib and rapamycin signifi-
cantly prevented the reduced muscle contraction force by day 14, 
along with neuroprotection (Fig. 5K). In the presence of these drugs, 
the number of caspase3/7-positive cells [associated with muscle 
atrophy (27)] in the muscle fiber bundle decreased compared with 
the condition without drugs (Fig. 5, L and M). Although further 
tests are necessary to confirm, this muscle atrophy could be due 
to a decrease in the secretion of ciliary neurotrophic factor (CNTF) 
(fig. S9A) or increased inflammatory cytokine concentrations via 
up-regulation of nuclear factor B (NF-B) signaling. These re-
sults suggest that, with the tested drugs, the ALS patient–derived 
motor unit model exhibits less reduction in muscle force and less 
MN neurotoxicity.

Furthermore, these drugs also affected the response of muscle 
contraction induced by 1-Hz optical stimulation. In the ALS motor 
unit model, muscle contraction sometimes failed to occur after light 
stimulation (~32.3%, n = 180) (Fig. 6, A and D, and movie S4). After 
treatment with rapamycin or cotreatment with rapamycin and bo-
sutinib, these missed contractions were suppressed down to ~16.1 
and ~9.6% (n = 180; Fig. 6, B to D, and movies S5 and S6). Consis-
tently, the expression of ATG5, ATG7, ATG16L2, BECN1, ULK1, 
ULK2, and LC3 genes was significantly increased in the presence 
of rapamycin and bosutinib (Fig. 6, E and F). This activation of 
autophagy helped the degradation of TDP-43 and its segments (e.g., 
TDP-25 and TDP-35) to induce neuroprotection (Fig. 6H). Fur-
thermore, the expression of MYHI, MYHII, and MYLII genes (myo-
genesis markers) was also increased, and the expression of caspase 
genes tended to decrease. In contrast, no significant difference in 

MyoD expression was observed, although it is known that rapamy-
cin (an mTOR inhibitor) down-regulates myogenesis (Fig. 6G).

Drug treatment via an EC barrier
To use this model for translational medicine research, pharmaco-
logical drug efficiency is essential. In particular, drug penetration 
via EC barriers (such as the blood-brain barrier and blood–spinal 
cord barrier) should be considered when investigating drugs to 
treat central nervous system (CNS) diseases. To mimic this process, 
iPSC-derived ECs (iECs) were seeded in the left medium reservoir 
on a collagen gel layer to create an EC layer (fig. S10, A and B). The 
iECs differentiated toward a brain-specific EC phenotype after reti-
noic acid (RA) was added (28); they were then cocultured with 
iALS-MN spheroids in the microfluidic device, resulting in the for-
mation of a tight iEC monolayer expressing ZO-1, occludin, and 
P-glycoprotein (P-gp) (fig. S10C). The low permeability was con-
firmed by adding 40-kDa dextran into the left medium reservoir 
with and without an iEC layer (fig. S10D). To culture three types of 
cells simultaneously, we modified the culture medium composition 
(fig. S10A). By coculturing with ECs and adding endothelial medium, 
muscle contraction force slightly decreased (fig. S10F, no drug con-
dition, with EC), but no changes were observed in MN or muscle 
viability compared to the nonendothelial barrier protocol. However, 
in terms of MN phenotypes, we observed slightly thinner neural fi-
bers at day 14 (fig. S10B).

Rapamycin or bosutinib treatment via the iEC layer decreased 
muscle contraction force [~1.5 N (0.2 mN/mm2)] compared with 
configurations without the iEC layer [~0.5 N (0.06 mN/mm2); fig. 
S10, F and G]. Cotreatment with rapamycin and bosutinib signifi-
cantly increased muscle contraction force and synchronicity com-
pared with either single agent treatment, though the force decreased 
slightly in the cotreatment plus iEC layer condition in comparison 
with the cotreatment without an iEC monolayer. The bosutinib con-
centration can be regulated by the P-gp efflux transporter in vivo 
(29). In our model, P-gp expression in the iEC monolayer was de-
creased by treatment with rapamycin and cotreatment with rapamy-
cin and bosutinib (fig. S10E), inhibiting the transport of bosutinib 
from the basal to the apical side of the iEC layer in the cotreatment 
condition. Although further investigation is necessary, these results 
suggest the usefulness of an EC barrier as a novel means of investi-
gating the role of vascular permeability in neuroprotection efficacy 
and muscle contraction (fig. S10, F and G).

DISCUSSION
We developed a 3D human motor unit model in a microfluidic de-
vice by coculturing MN spheroids and 3D muscle fiber bundles. 
Muscle contraction could be induced by MN activity (after NMJ 
formation) and chemical and optical stimulation (Figs. 3M and 5). 
We previously showed that a mouse motor unit model could be cre-
ated using mouse ESC-derived MNs and C2C12 cells in different 
microfluidic systems (18). However, important species differences 
between mice and humans likely contribute to the failure in clinical 
trials of drug candidates that have been identified via screening us-
ing an ALS mouse model (30). This highlights the importance of 
using cells that are derived from a human source. In addition, we 
improved the microfluidic device architecture to allow higher-
throughput screening of single or combination therapies. There-
fore, our model represents an important advance in the simulation 
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of human physiological and pathological conditions associated with 
motor units and NMJs, which is useful for investigating the mecha-
nisms underlying ALS and for drug screening.

Motor unit dysfunction is involved in many diseases besides ALS, 
such as myasthenia gravis, muscular dystrophy, spinal and bulbar 
muscular atrophy, and spinal muscular atrophy (31). In our study, 
we generated heterogeneous MN spheroids with MNs and astro-
cytes. We considered this heterogeneity to be important in the study 
of ALS pathogenesis because recent findings have implicated reactive 
astrocytes in ALS pathogenesis and MN degeneration (32). We be-
lieve that an MN organoid that includes MNs and astrocytes (rather 
than pure MNs) is suitable to act as a model for investigating ALS.

To mimic the pathological conditions of motor units of patients 
with ALS, we treated the 3D human motor unit with excess glutamic 
acid. The treatment caused MN excitotoxicity along with the regres-
sion of thick neurite fibers, resulting in a weak muscle contraction 
force (Fig. 4, C and E). Furthermore, long-term MN excitotoxicity 
(after exposure to glutamic acid for 14 days) also causes muscle 
atrophy due to continuous muscle contraction and muscle fatigue 
(fig. S4C). In patients with ALS, astrocytes play an important role in 
glutamic acid uptake to maintain the inappropriate concentration 
of glutamic acid between the presynaptic and postsynaptic neurons, 
and decreased expression of the excitatory amino acid transporter 
2 (EAAT2) might be associated with ALS (33). Although MN excito-
toxicity was observed in our motor unit model, when astrocytes 
were cocultured with MNs and skeletal muscle cells, the glutamate 
concentration threshold increased (34). This suggests that glial cells 
might be needed in the culture model. In addition, TTX treatment 
led to temporal inhibition of neural activity and muscle contraction 
(fig. S4, D and E) as previously demonstrated in an in vitro 3D NMJ 
model (35) using other neurotoxins such as curare [another nAChR 
inhibitor (17)]. This chemically induced model can be used for test-
ing motor unit neurotoxins and induced disease models such as ac-
quired neuromyotonia.

Last, we demonstrated the formation of an ALS motor unit model 
using iPSC-derived MNs from a patient with sporadic ALS carrying 
the TDP-43 gene mutation with an abnormal inclusion of TDP-43 
(Fig. 5, A, B, and E) and short neurite elongation (fig. S5, A and B). 
TDP-43 is a nuclear protein that regulates transcription and mRNA 
splicing (36), and it is a major component of ubiquitinated protein 
aggregations found in patients with sporadic ALS and patients with 
SOD1-negative familial ALS (37). Therefore, many researchers have 
focused on TDP-43 degradation in patients with ALS and MNs in 
vitro. The PCR results also indicated lower expression of NEFL and 
NEFM in the iALS-MNs (Fig. 5D). Although the iALS-MN sphe
roids had similar morphology to the hESC-derived MN spheroids 
(in terms of formation and growth), we found lower expression of 
islet1, ChAT, SMI-32, and Synapsin I. Accumulating results have 
implicated specific phenotypes in iALS-MNs, involving reduced 
neuronal soma size, increased apoptosis, and progressive loss of 
synaptic activity (38). In addition to this finding, GFAP expression 
was the same as that in the control MNs, as measured by PCR (Fig. 5H) 
and immunostaining (fig. S5E). In the process of motor unit and NMJ 
formation, we found that the iALS-MN neurite elongation speed in 
collagen gel was slow compared with the normal motor unit model in 
the microfluidic devices (Fig. 5J and fig. S5F). This can be explained 
by low expression of factors related to neurofilament growth and signifi-
cant loss of islet1-positive cells involving the mutation of NEFH(SMI-32), 
as demonstrated by previous findings (10, 38).

Moreover, the most remarkable finding was that the muscle con-
traction force in the ALS motor unit was reduced relative to the 
normal motor unit, and there was an increase in the number of 
caspase3/7-positive cells, indicative of apoptosis and muscle atro-
phy (Fig. 5, L and M). These results indicate that coculturing ALS 
patient–derived MNs with a normal (non-ALS) skeletal muscle fi-
ber leads to myotoxicity. This is likely caused by neurotoxins and 
excitotoxicity during long-term culture. Another factor could be the 
significant loss of secretion of CNTF from MNs that down-regulates 
muscle protection (fig. S9A) because CNTF receptor is also expressed 
in skeletal muscle cells (39). In addition, a heterozygous E478G mis-
sense mutation associated with OPTN (table S2) is known to acti-
vate the NF-B pathway (40, 41) because OPTN plays a critical role 
for NF-B suppressive activity, resulting in neurotoxicity with in-
flammation. In our model, the expression of NF-B in iALS-MNs 
after coculture with muscle tissues was significantly up-regulated 
compared with ES-MNs (fig. S9B). This activates downstream pathways 
and up-regulates secretion of cytokines such as the tumor necrosis 
factor– (TNF-), interleukin family proteins, and cyclooxygenase-2. 
In our model, TNF- up-regulation might also contribute to muscle 
weakness along with apoptosis and protein degradation in skeletal 
muscle cells as drug application down-regulated the NF-B expres-
sion (Fig. 6F). Therefore, we concluded that we successfully estab-
lished a pathological ALS motor unit model in a high-throughput 
microfluidic device.

In the continuing search for new drug candidates to treat ALS, 
inhibition of the Src/c-Abl pathway has been recently found to im-
prove neuroprotection, and this is now a target of potential drug 
candidates, for example, bosutinib and masitinib (26). In particular, 
bosutinib (which is approved for chronic myelogenous leukemia) 
showed representative neuroprotection along with the activation of 
autophagy. It is being tested in a phase 1 clinical trial (NCT02921477). 
Moreover, rapamycin is being tested in a phase 2 clinical trial 
(NCT03359538). To test these drug candidates in vitro using our 
model, we treated the ALS motor unit with bosutinib and rapamy-
cin to observe the expected neuroprotection effect. Both treatments 
improved neuronal survival and increased muscle contraction force 
(induced by MN activity), which might have been due to a reduc-
tion in cytoplasmic TDP-43 aggregation, NF-B expression, or skele-
tal muscle cell apoptosis in muscle fiber bundles (42). Treatment 
with rapamycin (an mTOR inhibitor) not only improved MN neuro-
protection but also indirectly up-regulated muscle contraction and 
suppressed miscommunication between MNs and muscle tissue, 
although it is known that inhibition of the Akt/mTOR pathway can 
enhance muscle atrophy (43). These results provide support for this 
potential strategy of treating ALS with bosutinib combined with 
rapamycin, which induces autophagy, to avoid abnormal aggrega-
tion of proteins such as TDP-43.

Any drug proposed to treat ALS would need to penetrate the 
blood-brain barrier and blood–spinal cord barrier. In general, rapa-
mycin (~914 Da) is limited in its ability to penetrate the blood-brain 
barrier in vivo. Rapamycin treatment across an iEC layer did not 
improve muscle contraction in our model. A single treatment of 
bosutinib (~530 Da) via an iEC layer also decreased the efficiency of 
bosutinib compared with administering bosutinib without an iEC 
layer. We hypothesize that bosutinib partially leaked through the 
iEC barrier via the paracellular pathway, but a low concentration of 
bosutinib was maintained in the basal niche because of the function 
of the EC efflux pump (an adenosine triphosphate–binding cassette 
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transporter) in our system. However, cotreatment with rapamycin 
and bosutinib via the EC barrier improved the efficacy of the treat-
ment (fig. S10, F and G) possibly because rapamycin decreases the 
expression of the P-gp transporter, the efflux pump that transports 
bosutinib out of the CNS (fig. S10E). In the literature, it has also 
been shown that a P-gp inhibitor can increase the concentration of 
a P-gp substrate (such as paclitaxel) in the brain in vivo (44). These 
results indicate the potential of cotreatment with an mTOR inhibi-
tor, a P-gp inhibitor, and an Src/c-Abl pathway inhibitor for ALS. 
Therefore, our 3D ALS motor unit model with drug delivery across 
an EC barrier can be especially useful when evaluating neuroprotec-
tion and screening drug candidates. Our in vitro model could poten-
tially become a robust ALS-on-a-chip technology with MN networks 
and muscle tissues as well as an EC barrier.

To improve our model, several modifications are available in 
terms of MN enhancement and the addition of other cell types. ALS 
is an age-dependent disease, and MNs require considerable differ-
entiation time for neurogenesis, maturation, and clinical onset of 
ALS in an in vitro culture. A recent study proposed an artificial ac-
celeration method, in which MNs are genetically manipulated to 
express progerin to simulate premature aging (45). Alternatively, 
direct differentiation into MNs from patient-derived somatic cells is 
possible by ensuring transgenic expression of transcription factors 
that induce MN differentiation (46) and by inducing microRNAs 
(47). In addition, inhibition of the Notch pathway has been shown 
to accelerate MN differentiation by delaying the cell cycle transition 
from G1 to S phase (48). These technologies could allow us to create 
a more mature 3D ALS model in the immediate future.

In addition to the improvement of MN characterization and dif-
ferentiation, the inclusion of other types of cells such as Schwann 
cells and microvascular networks could be considered to obtain a 
more robust motor unit. During the developmental process and to 
maintain homeostasis, Schwann cells regulate MN nerve fiber 
myelination, improve axonal outgrowth, and have therapeutic po-
tential for spinal cord injury in vivo (49) and even in vitro (50). 
Moreover, perfusable microvascular networks involving ECs in the 
microfluidic device would be required for long-term maintenance 
of our ALS motor unit model. They would improve the supply of 
oxygen and nutrients to the tissues and better mimic the delivery of 
drug to the CNS. We have previously described a coculture model 
with MN spheroids and perfusable vascular networks in microfluidic 
devices that resulted in improved neural networks and culture me-
dium perfusion to improve MN activity (20). Furthermore, vascular 
networks not only are physiologically relevant but also play a critical 
role in the pathogenesis of ALS, which is accompanied by vascular 
dysfunction and impaired blood-tissue barrier function (51, 52).

Furthermore, in this study, we used normal human-derived skele-
tal muscle tissues. If we instead use patient-derived skeletal muscle 
cells (53) and/or ECs, we believe that our model could be applied 
not only to neuropathy (such as that associated with ALS and spinal 
muscular atrophy) but also to myopathy (such as that associated 
with Duchenne muscular dystrophy and myasthenia gravis) by form-
ing patient-derived muscle fiber bundles to investigate interactions 
between muscle atrophy and MN activity and for the purpose of drug 
testing. Last, because Alzheimer’s disease, Parkinson’s disease, and 
epilepsy have been associated with muscle strength (54, 55), cocul-
ture with iPSC-derived cortical neurons from these patients would 
facilitate investigations of the relationship between these pathologies 
and muscle strength.

MATERIALS AND METHODS
Experimental design
The objective of this study was to create a robust ALS motor unit in 
a microfluidic device for drug screening. Coculture with MN sphe
roids from ESC and ALS patient–derived iPSC and 3D skeletal mus-
cle tissues demonstrated the formation of NMJs and can provide 
quantitative data (muscle contraction force) by automated image 
analysis using Python to test neural activity indirectly via muscle 
contraction for drug screening. The use of human iPSC-derived 
NSCs from a patient with ALS was approved by the respective de-
partments at Massachusetts Institute of Technology. All methods 
with human primate materials, cells, hESCs and iPSCs, and toxin 
were performed in accordance with National Academy of Sciences 
Guidelines for Human Embryonic Stem Cell Research with the 
Massachusetts Institute of Technology Committee on Assessment 
of Biohazards and Embryonic Stem Cell Research Oversight.

Microfluidic device fabrication
The mold fabrication process was similar to that previously reported 
(18). Briefly, device structures were designed using Solidworks 
(Dassault Systèmes SolidWorks Corporation), and the patterns 
were transferred onto a transparency mask using high-resolution 
printing (FineLine Imaging). Silicon wafers were then fabricated by 
photolithography using typical SU-8 photoresist techniques. All the 
mold surfaces were treated with (tridecafluoro-1,1,2,2-tetrahydrooctyl)-
1-trichlorosilane for at least 2 hours. For the main microfluidic sec-
tion, PDMS and curing reagents (Ellsworth Adhesives) were mixed 
in a 10:1 ratio, poured into the SU-8 mold, and cured at 80°C for at 
least 6 hours. The pillar head was then attached to the base of the 
pillar. The pillar head consisted of 250 m by 250 m squares of 
25-m-thin PDMS (obtained by spin coating onto a 10-cm petri 
dish lid for 30 s at 5000 rpm). The pillar heads were manually posi-
tioned over the pillar and glued with uncured PDMS. Using this 
PDMS mold, a negative mold was fabricated using Smooth-Cast 
300, and PDMS was then poured into the mold and cured for 
6 hours. Devices were then cut off the mold and trimmed to the 
appropriate size, and gel filling ports, a vacuum port, and medium 
ports/reservoirs were formed with 1-, 2-, and 6-mm-diameter biopsy 
punches, respectively. The devices were then sterilized by wet auto-
claving, followed by dry autoclaving. After drying completely, no. 1 
glass was bonded using oxygen plasma.

Cell culture, differentiation, and MN spheroid formation of 
ALS-iPSC– and hESC-derived cells
Motor neurons
hESC (H9, WA09)–derived NSCs (Gibco) and ALS-iPSC–derived 
NSCs (from the peripheral blood of a 55-year-old Caucasian woman 
with sporadic ALS, iXCells Biotechnologies) were maintained on 
Geltrex LDEV-Free Reduced Growth Factor Basement Membrane 
Matrix (Thermo Fisher Scientific) in StemPro NSC SFM medium 
supplemented with 2 mM GlutaMAX-I supplement (Gibco), human 
recombinant bFGF (20 ng/ml), epidermal growth factor (20 ng/ml), 
and 2% StemPro neural supplement. Neuro spheroids were formed 
using a spindle-shaped bottom 96-well plate (PrimeSurface 96M) 
for 24 hours by seeding the hESC-derived NSCs and ALS-iPSC–
derived NSCs at a density of 1.0 × 104 cells per well. The differentia-
tion protocol was previously described in the literature (56). Briefly, 
after 24 hours of seeding, the culture medium was replaced with 100 l 
per well of StemPro hESC medium supplemented with RA (50 M), 
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sonic hedgehog (200 ng/ml), bFGF (8 ng/ml), and activin A (10 ng/ml) 
for cell fate determination via caudalization and ventralization (MN 
differentiation medium). Then, culture medium was changed to 
100 l per well of MN differentiation medium excluding activin A. 
After culturing for 20 days, the culture medium was replaced again 
using 100 l per well of StemPro hESC medium supplemented with 
RA (50 M), BDNF (10 ng/ml), and GDNF (10 ng/ml) for matura-
tion of MNs and cultured for 7 to 8 more days (MN medium). To 
remove the neural progenitor cells and NSCs from the spheroids, 
CultureOne Supplement (Thermo Fisher Scientific) was treated be-
fore 24 hours of injection into the devices. The culture medium was 
then switched to MN medium without RA for an additional 14 days 
in the left medium reservoir of the microfluidic devices. Karyotype, 
donor, and reprogramming information of iPSCs used in this study 
is available at the following links: parental iPSCs of iCell skeletal 
myoblast and iCell ECs (https://hpscreg.eu/cell-line/CDIi001-A), 
parental ES cells of NSC (https://hpscreg.eu/cell-line/WAe009-A), 
and parental iPSCs of ALS-NSCs [www.ixcellsbiotech.com/image/
data/Human%20iPSC%20(ALS)/Human%20iPS%20Cell%20
Line%20(ALS).pdf]. G-band karyotyping analysis of parental ALS-
iPSCs (performed by Cell Line Genetics) is shown in fig. S6D.
iPSC-derived skeletal muscle cells
Human iPSC-derived skeletal myoblasts (iCell Skeletal Myoblasts, 
Cellular Dynamics Technology) were maintained on fibronectin coat-
ing (10 g/ml) in minimum essential medium– (MEM-) supple-
mented with 8-bromo-cyclic AMP (1 mM), CHIR99021 (2 M), 
dorsomorphin (1 M), and 5% knockout serum replacement (SkMM). 
For differentiation into mature myocytes in the microfluidic devices, 
24 hours after cell seeding with SkMM, 200 l of culture medium 
was injected into the right medium reservoir with Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 2% horse serum, hu-
man recombinant IGF-1 (50 ng/ml), and 1% penicillin/streptomycin 
(SkDM). After several days, the injected culture medium invaded the 
left medium reservoir owing to the formation of muscle fiber bundle 
and capillary action. Then, SkDM was also injected to both the right 
and left medium reservoir (200 l of each) up to 14 days of culture.
iPSC-derived ECs
Human iECs (iCell ECs, Cellular Dynamics Technology) were main-
tained on fibronectin coating (50 g/ml) with a VascuLife VEGF 
Endothelial Cells Medium Complete Kit (Lifeline Cell Technology) 
and iCell growth supplement.
Mouse myoblasts
Mouse C2C12 myoblasts (American Type Culture Collection) were 
cultured to <70% confluency in growth medium consisting of 
DMEM with 10% fetal bovine serum (Invitrogen) and 1% penicillin/
streptomycin. None of the cells were used beyond a passage number 
of 20. All cells were kept in incubators at 37°C and 5% CO2.

Transfection of the channelrhodopsin-2 gene into hESC- and 
iPSC-derived NSCs from a patient with ALS
hESC-derived NSCs and iPSC-derived NSCs from a patient with 
sporadic ALS were infected with an AAV-CAG-ChR2H134R-tdTomato-
WPRE plasmid to express a mutated variant of the light-sensitive ion 
channel, channelrhodopsin-2H134R. AAV-CAG-hChR2H134R-tdTomato 
was a gift from K. Svoboda (Addgene plasmid no. 28017) (57). Adeno-
associated virus (AAV) particles were also provided by Addgene. 
Both types of NSCs were plated in laminin-coated six-well plates at 
a density of 5.0 × 105 cells per well and cultured for 2 days. The cells 
were then incubated for 24 hours with AAV particles containing the 

plasmid and maintenance culture medium. The cells were cultured 
for 4 days, expanded for another 3 days, and sorted by fluorescence-
activated cell sorting (BD Biosciences, FACSAria II) with strong 
expression of tdTomato. The transfection efficiency of hESC-
derived NSCs and ALS-iPSC–derived NSCs was 77 and 68%, respec
tively. The channelrhodopsin-2 (ChR2)–NSCs were then replated in 
laminin-coated six-well plates. To create neurospheres, both ChR2-
NSCs were dissolved using Accutase to obtain single cells.

Formation of 3D motor units
To avoid single-cell attachment to the glass bottom, the microfluidic 
device was incubated with 4% Pluronic F-127 (Sigma) in the incu-
bator for 1 hour, rinsed with distilled water, and dried. Human iPSC-
skeletal muscle cells were injected into the right compartment of the 
microfluidic device with a mixture of porcine skin type I collagen gel 
(Nitta Gelatin, 2.4 mg/ml) and 10% Matrigel (BD Biosciences) via gel 
injection port no. 1 (Fig. 1, A and B). A 3D muscle fiber bundle was 
formed within 24 hours, with both sides of the muscle attached to the 
pillar structures. The muscle fiber bundle was then cultured and dif-
ferentiated using 2% horse serum and IGF-1. After 13 days of differ-
entiation, predifferentiated MN spheroids (normal and ALS) were 
injected into the left compartment (Fig. 1B) via gel injection port no. 2 
with collagen without Matrigel. For the cocultured MN spheroids and 
skeletal muscle fiber bundles in microfluidic devices, StemPro hESC me-
dium supplemented with RA (50 M), BDNF (10 ng/ml), and GDNF 
(10 ng/ml) was poured into the left medium reservoir (close to the MN 
spheroids), and DMEM, 10% horse serum, human recombinant IGF-1 
(50 ng/ml), and 1% penicillin/streptomycin were poured into the right 
medium reservoir (close to the skeletal muscle fiber bundles). Two 
types of culture medium maintained segregating at least for 6 hours. 
To study the effects of drug application, bosutinib (100 M) and rapa-
mycin (200 nM) were applied to recover the ALS-derived motor unit 
muscle contraction force at day 4 with MN medium, and then muscle 
contraction was tested at day 7. The muscle apoptosis assay, PCR, 
and immunostaining of TDP-43 were performed at day 14.

Formation of iEC layer and drug exposure
To test drug application via an EC layer, type I collagen gel was poured 
into the left medium reservoir after injection of iALS-derived MN 
spheroids. The iECs (iCell ECs) were then seeded into the left well on 
the collagen gel (5.0 × 105 cells/ml). To accelerate differentiation into 
brain-specific ECs, RA (20 M) was added (fig. S10A). After 7 days 
of coculture, drugs were applied to the left medium reservoir.

Electrical and chemical stimulation
Electrical stimulation was delivered via platinum electrodes positioned 
3 mm away from each other across the neuromuscular tissue. They 
were controlled by an Arduino circuit delivering 12-V square inputs. 
To activate the MNs, they were stimulated by adding glutamic acid 
(0.1 mM) to the culture medium. For the excitotoxicity experiment, 
excess glutamic acid (5 mM) was added to the culture medium for 
7 days. Before the measurement of the muscle contraction force, this 
high concentration of glutamic acid was rinsed away with phosphate-
buffered saline (PBS) and then replaced with a low concentration of 
glutamic acid (0.1 mM). For simulation of a neurotoxin added to a 
human NMJ model, TTX (final concentration, 1 M) was added to 
the culture medium and the muscle contraction force was measured. 
Then, the TTX was rinsed away with PBS and replaced with a low 
concentration of glutamic acid (0.1 mM).
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Image acquisition and analysis
Epifluorescence and confocal images were acquired using a Zeiss 
Axiovert 200 microscope and an Olympus FV-1000 confocal micro-
scope, respectively. 3D reconstruction and analysis of confocal images 
were performed with IMARIS software (Bitplane). Muscle contraction 
measurement was performed in a stage-top incubator (INUBG2TF-
WSKM-SET, Tokai Hit) on Axiovert 200, and image sequences were 
captured using AxioVision. Automated tracking of the local defor-
mation of the skeletal muscle cells and deflection of the pillars upon 
light excitation were carried out using ImageJ and Python script with  
an OpenCV package (fig. S8, A and B). Formulas for calculating mus-
cle contraction force from pillar displacements are provided in fig. S8. 
The presence of gel did not affect the calculation of muscle contrac-
tion force as shown previously (18). Image analysis regarding the 
muscle width and axon outgrowth was conducted using ImageJ. 
Fusion index for skeletal muscle cells is defined as the number of 
myogenin-expressing myotubes with greater than two nuclei divided 
by the total number of nuclei. To quantify nAChR clusters, quantita-
tive fluorescence imaging was performed using an open-source soft-
ware package in CellProfiler (Broad Institute). The automated image 
cytometry system identifies and measures objects’ size, shape, pixel 
intensity, and topology, and the resulting data are corrected using a 
background-subtraction algorithm. nAChR clusters in CellProfiler 
were defined using agrin-treated myotubes [Alexa 488–conjugated 
anti-agrin antibody (ab85174), Abcam]. Before the measurement, 
skeletal myotubes were prestained by Alexa 488–conjugated anti-
agrin antibody in culture medium (1:100) for 1 hour at 37°C in the 
device. Agrin, normally secreted by MNs, stabilizes and aggregates 
nAChRs into distinguishable cluster regions (>65% intensity), whereas 
outside these regions, nAChRs largely exist in dispersed microclusters 
(<65% intensity) denoted by lower-intensity pixels. In this manner, 
nAChR area was calculated for individual muscle fiber bundles.

Measurement of MN activity with Ca2+ oscillation imaging
To capture neural activity and synapse formation, both types of cells 
in the microfluidic devices were rinsed three times with PBS (without 
Ca2+ and Mg2+), recording medium [20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (Hepes), 115 mM NaCl, 5.4 mM KCl, 
0.8 mM MgCl2, 1.8 mM CaCl2, and 13.8 mM glucose] was added with 
Fluo-8 AM (5 M, 488 nm), and the mixture was incubated for 1 hour 
at 37°C. After loading Fluo-8 AM, the loading medium was replaced 
with the recording medium. Time-lapse movies were acquired for 
10 min (resolution, 680 × 512 pixels; exposure time, 10 ms) using a 
fluorescent microscope (Axiovert 200, Zeiss).

Immunocytochemistry
Cells were fixed with 4% paraformaldehyde (PFA) for 20 min and 
then permeabilized with 0.2% Triton X-100  for 5 min. After block-
ing with 1% bovine serum albumin (BSA) for 2 hours, the cells were 
incubated for 2 hours at room temperature with a primary antibody. 
A secondary antibody was then administered for 2 hours at room tem-
perature. The primary antibodies were mouse anti-neuron–specific 
III tubulin (Tuj1, 1:100), mouse anti-human ChAT (1:200), rabbit 
anti-human islet1 (1:100), rat anti-human -actinin (1:500), rat anti-
human GFAP (1:200), rabbit anti-human P-gp (1:500), mouse anti-
human ZO-1, and mouse anti-human occludin (1:500). The secondary 
antibodies were Alexa Fluor 555 anti-rabbit immunoglobulin G 
(IgG) (H+L) (1:500), Alexa Fluor 405 anti-rabbit IgG (H+L) (1:500), 
Alexa Fluor 488 goat anti-mouse IgG (H+L) (1:500), Alexa Fluor 488 

goat anti-rabbit IgG (H+L) (1:500), and Alexa Fluor 647 goat anti-rat 
IgG (H+L). F-actin was stained with Alexa Fluor 488 or 647 phalloidin 
(Cytoskeleton Inc., Denver, CO, USA) and DAPI for 20 min at room 
temperature, followed by three rinses with Dulbecco’s phosphate-
buffered saline with Ca2+ and Mg2+ (DPBS++). To stain the nAChR 
clusters, the neuromuscular motor units were incubated with BTX-
conjugated Alexa Fluor 647 (2 mg/ml, Molecular Probes) for 1 hour at 
37°C in a 5% CO2 incubator. The constructs were then rinsed with 
PBS, fixed for 1 hour with 4% PFA in PBS, permeabilized with 0.1% 
Triton X-100 in PBS for 15 min, and blocked with 2% BSA in PBS over-
night. To detect cells in an apoptosis stage (caspase activity) in the 
muscle fiber bundles, they were incubated with CellEvent Caspase-3/7 
Green Detection Reagent (Thermo Fisher Scientific, Waltham, MA, 
USA) for 30 min. All cells and samples were observed using a phase-
contrast microscope (Axiovert 200, Zeiss, Germany) and a confocal 
laser scanning microscope (FV-1000, Olympus, Japan).

Real-time reverse transcription PCR
To measure the biological activity of the MN spheroids and muscle 
differentiation, total RNA was isolated from tissues with TRIzol 
reagent (Life Science, Waltham, MA, USA). Reverse transcription 
(RT) was performed using a SuperScript VILO cDNA Synthesis Kit 
(Invitrogen, Waltham, MA, USA). The primer sequences are shown 
in table S1. RT-PCR was performed with a 7900HT Fast Real-Time 
PCR System (Applied Biosystems, Waltham, MA, USA) using SYBR 
Premix Ex Taq (Takara, Kusatsu, Japan). The mRNA level of GAPDH 
(a housekeeping gene) was set to 100% and used as the internal stan-
dard in all experiments. The RT-PCR experiment was repeated at 
least three times for cDNA prepared from at least three batches.

SNP genotyping
Genomic DNA from iPSC-derived NSCs from the patient with ALS 
and the control (hESC-derived NSCs) was extracted using a Pure-
Link Genomic DNA Mini Kit (Thermo Fisher Scientific). PCR-based 
genotyping was performed with rhAmp SNP Genotyping Master Mix 
and rhAmp Reporter Mix (Integrated DNA Technologies, Coralville, 
IA, USA) using a 7900HT Fast Real-Time PCR System (Applied 
Biosystems). Three types of TDP-43 mutation were analyzed [M337V 
(dbSNP: rs80356730), Q343R (dbSNP: rs80356731), and G298S 
(dbSNP: rs4884357)]. Two SOD1 mutations were analyzed [A4V 
(dbSNP: rs121912442) and G93A (dbSNP: rs121912438)]. Five sam-
ples (experimental replicates) were used for PCR measurement.

Whole-exome sequencing
Genomic DNA from iPSC-derived NSCs from the patient with ALS 
and the control (hESC-derived NSCs) was extracted using a PureLink 
Genomic DNA Mini Kit (Thermo Fisher Scientific). Whole-exome 
sequencing was done in the Broad Genomics Platform at the Broad 
Institute using Standard Exome v5 Sequencing Methods, and whole-
exome libraries were constructed and sequenced on an Illumina HiSeq 
4000 sequencer with the use of 151-bp (base pair) paired-end reads. 
Library construction was performed as previously described (58) with 
some slight modifications. Cluster amplification of the templates was 
performed according to the manufacturer’s protocol (Illumina) using 
the Illumina cBot. Flowcells were sequenced on HiSeq 4000 Sequencing-
by-Synthesis Kits and then analyzed using RTA2.7.3. Bam file was 
sorted and exome variants were extracted using a SeqMule automated 
pipeline (59) (Bowtie, GATK, SAMtools, SOAPsnp, and Freebayes). 
Variant data were visualized using Integrative Genomic Viewer.
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Western blotting
For immunoblotting, cells were lysed in Cell Lysis Buffer (Cell Sig-
naling Technology), and 10 g of protein was subjected to SDS–
polyacrylamide gel electrophoresis [using 4 to 12% (w/v) gradient 
gels (Life Technologies, NuPAGE Novex, Bis-Tris)], transferred to 
nitrocellulose membranes, and assayed by immunoblotting. The 
primary antibodies were mouse anti-actin (Thermo Fisher Scientific, 
-actin loading control, 1:5000) and mouse anti-myosin heavy chain 
(R&D Systems, 1:2000). The secondary antibody was horseradish 
peroxidase (HRP)–conjugated anti-mouse IgG antibody (Cell Sig-
naling Technology, Danvers, MA, USA). An HRP substrate was 
used for chemiluminescent analysis (Bio-Rad, Hercules, CA, USA).

Statistical analysis
The reported values correspond to the means of a minimum of three 
independent experiments. Data are presented as means ± SD. Com-
parisons were performed using one-way ANOVA with post hoc pair-
wise comparisons using the Tukey-Kramer method. P values <0.05 
and <0.01 were taken to represent statistically significant results and 
highly statistically significant results, respectively. The tests were per-
formed using JMP Pro software (SAS Institute, Cary, NC, USA).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/10/eaat5847/DC1
Fig. S1. Characterization and differentiation of iPS-derived skeletal myoblasts in a  
monolayer culture.
Fig. S2. Comparison between a mouse muscle fiber bundle of C2C12 and a human muscle 
fiber bundle of iPS-derived skeletal muscle cells.
Fig. S3. Muscle contraction and synchronization by chemical stimulation.
Fig. S4. Glutamic acid treatment and electrical stimulation and TTX treatment to the motor unit model.
Fig. S5. Characterization of iPS-derived MN from a sporadic ALS donor.
Fig. S6. Genotyping of ALS-iPS–derived MN and ES-derived MN.
Fig. S7. Morphogenesis of MN spheroids derived from a patient with ALS in 2D culture.
Fig. S8. Automated detection of pillar displacement, estimating muscle contraction.
Fig. S9. Significant loss of CNTF secretion in iALS-MN accelerated apoptosis of muscle cells.
Fig. S10. Drug application through the iEC barrier.
Table S1. Primer sequences for real-time RT-PCR.
Table S2. SNP mutation (whole-exome sequencing), ALS pathogenesis related.
Table S3. SNP mutation (whole-exome sequencing), ATG family.
Table S4. SNP mutation (whole-exome sequencing), autophagy related.
Movie S1. Image stacks of muscle fiber bundle stained with -actinin (green) and DAPI (blue).
Movie S2. 3D construction of muscle fiber bundle based on iPSC-derived skeletal muscle cells.
Movie S3. Representative movie of muscle contraction after stimulation with glutamic acid on day 14.
Movie S4. Muscle contraction of the ALS motor unit after 1-Hz optical stimulation without drug.
Movie S5. Muscle contraction of the ALS motor unit after 1-Hz optical stimulation  
with rapamycin.
Movie S6. Muscle contraction of the ALS motor unit after 1-Hz optical stimulation with 
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