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SUMMARY

Neuromuscular junctions (NMJs) ensure communication betweenmotor neurons (MNs) and muscle; however, in MN disorders, such as

amyotrophic lateral sclerosis (ALS), NMJs degenerate resulting in muscle atrophy. The aim of this study was to establish a versatile and

reproducible in vitromodel of a humanmotor unit to investigate the effects of ALS-causing mutations. Therefore, we generated a co-cul-

ture of human induced pluripotent stem cell (iPSC)-derived MNs and human primary mesoangioblast-derivedmyotubes in microfluidic

devices. A chemotactic and volumetric gradient facilitated the growth of MN neurites throughmicrogrooves resulting in the interaction

withmyotubes and the formation of NMJs.We observed that ALS-causing FUSmutations resulted in reduced neurite outgrowth aswell as

an impaired neurite regrowth upon axotomy. NMJ numbers were likewise reduced in the FUS-ALS model. Interestingly, the selective

HDAC6 inhibitor, Tubastatin A, improved the neurite outgrowth, regrowth, and NMJ morphology, prompting HDAC6 inhibition as a

potential therapeutic strategy for ALS.

INTRODUCTION

Neuromuscular junctions (NMJs) are specialized synapses,

which are crucial for the communication between spinal

lower motor neurons (MNs) and skeletal muscle (Plomp

2018). NMJs become vulnerable in neurodegenerative dis-

eases, such as amyotrophic lateral sclerosis (ALS), where

the degeneration of NMJs results in muscle weakness and

atrophy, ultimately causing respiratory insufficiency and

death (Dadon-Nachum et al., 2010; Murray et al., 2010).

There is ample evidence that the disconnection of the mo-

tor axon from the muscle is the first step in the disease pro-

cess of ALS (Fischer et al., 2004; Martineau et al., 2018),

making it an important mechanism to study. Initially, the

MNwill compensate for this retraction by axonal sprouting

and collateral reinnervation. However, when the disease

progresses, this compensation fails and the MN eventually

dies, a phenomenon defined as the ‘‘dying-back’’ mecha-

nism (Robberecht and Philips, 2013). Symptoms in pa-

tients start to occur when large populations of MNs are

affected, resulting in weakness of muscle groups. MNs

have very long axons, which makes themmore susceptible

to this dying-back mechanism compared with other neu-

rons. This partially explains the selective vulnerability in

ALS pathogenesis, and evidence of dying back and loss of

NMJs has been reported in several ALS-mouse models and

in patients (Fischer et al., 2004; Martineau et al., 2018;

Nair et al., 2010; So et al., 2018; Tallon et al., 2016; Walker

et al., 2015).

To further study the NMJs and their relation to ALS, it is

beneficial to have a standardized, human cell-derived

model of these NMJs in vitro, for which co-culturing of

MNs and skeletal muscle is required. Co-cultures of these

highly specialized cell types in single compartments have

been developed using both human and animal cells and,

in some studies, functional NMJs were established (De-

mestre et al., 2015; Guo et al., 2011; Lin et al., 2019; Putto-

nen et al., 2015; Umbach et al., 2012). However, such

models are unable to account for the unique culture micro-

environments occupied by cell-specific domains of MNs

andmuscle fibers (de Jongh et al., 2021; Millet and Gillette,

2012). The use of ‘‘Campenot’’ chambers (Campenot 1977)

and microfluidic devices offers the opportunity to over-

come this problem (Bellmann et al., 2019; Mills et al.,

2018; Osaki et al., 2018a; Santhanam et al., 2018; Southam

et al., 2013; Zahavi et al., 2015). The fluidically isolated

compartments, between which only neurites can grow,

not only allow for maintenance of cell-type-specific micro-

environments, but also allow for isolation of subcellular

compartments, such as the distal and the proximal part

of the axon, for region-specific analyses (Naumann et al.,

2018; Nijssen et al., 2018; Taylor et al., 2005).

While the development of customized microfluidic plat-

forms (Bellmann et al., 2019; Osaki et al., 2018b) has
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Figure 1. Characterization of monocultures and overview of NMJ protocol

(A) Confocal images of MNs stained with MN markers neurofilament heavy chain (NEFH), choline acetyltransferase (ChAT), and Islet-1, as

well as the pan-neuronal marker bIII-tubulin (Tubulin) at day 28 of MN differentiation. Nuclei stained with DAPI. Scale bars, 75 mm.

(B) Number of cells positive for MN and pan-neuronal markers (AB+). Mean ± SEM of three biological replicates.

(C) Confocal images of myotube heavy chain (MyHC)-positive myotubes 10 days after initiation of differentiation. Scale bar, 75 mm.

(D) Quantification of mesoangioblast (MAB) fusion into multinucleated myotubes (fusion index) with myotube markers desmin, MyHC,

myogenin (MyoG) or titin. Mean ± SEM of three biological replicates.

(E) Schematic overview of co-culture protocol and differentiation timeline (days 0–28). Day 0 (d0), differentiation of iPSCs into MN. Day 9

(d9), microfluidic devices are coated with poly-L-ornithine (PLO) and laminin, and MABs are thawed for expansion. Day 10 (d10), MN-NPCs

are plated on one side (light gray) of the device. Day 17 (d17), MABs are seeded in the opposite side of the device (dark gray). Myotube

(legend continued on next page)
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significantly improved the potential for disease modeling,

a standardized accessible method for the formation of hu-

man NMJs in vitro is lacking. Therefore, we aimed to

develop a human-derived system, which combines

commercially available microfluidic devices, induced

pluripotent stem cell (iPSC)-derived MNs, and mesoangio-

blasts (MAB)-derivedmyotubes to generate and study func-

tional human NMJs in a compartmentalized system. With

the supplementation of agrin and laminin (A/L), we

increased the clustering of nicotinic acetylcholine recep-

tors (AChRs), the outgrowth of neurites and the formation

of NMJs. Using this model, we discovered a compromised

outgrowth and regrowth after axotomy of MN neurites,

as well as an impairment in NMJ numbers in ALS-FUS

mutant co-cultures in comparison with their CRISPR-

Cas9 gene-edited isogenic controls. Interestingly, we could

improve these phenotypes by treating with the selective

histone deacetylase 6 (HDAC6) inhibitor, Tubastatin A

(TubA). Our findings show that this in vitromodel is a valu-

able tool to assess human NMJ physiology in health and

disease.

RESULTS

Generation of human iPSC-derived MNs and MAB-

derived myotubes

To generate human NMJs in vitro, we made use of human

iPSCs (hiPSCs) and human primary MABs. MABs are

vessel-associated mesenchymal stem cells, which are iso-

lated from adult skeletal muscle tissue (Dellavalle et al.,

2007; Rotini et al., 2018; Tonlorenzi et al., 2007). MABs

were expanded and subsequently differentiated into myo-

tubes over a 10-day period, while hiPSCs were differenti-

ated into MNs via a 28-day protocol (Guo et al., 2017).

MN differentiation efficiency and MAB fusion index

were evaluated using immunocytochemistry (ICC). At

day 28 of MN differentiation, the hiPSC-derived MNs

stained positive for MN-specific markers neurofilament

heavy chain (NEFH), choline acetyltransferase, and Islet-

1, in addition to the pan-neuronal marker bIII-tubulin

(Figures 1A and 1B), similar to previous studies utilizing

the same MN differentiation protocol (Guo et al., 2017;

Vandoorne et al., 2019). After 10 days of differentiation,

the human MAB-derived multinucleated myotubes

stained positive for specific muscle markers (Figures 1C,

1D, and S1).

NMJs spontaneously form in a MN-myotube

microfluidic co-culture system

To generate NMJs through co-culturing of MNs and MABs,

we utilized two types of XonaMicrofluidics devices (SND75

and XC150). To ensure compartmentalization, MN-neural

progenitor cells (NPCs) were plated at day 10 of MN differ-

entiation on one side of the device (Figure 1E, light gray

compartment) and allowed to differentiate for 1 week in

the device, before MABs were plated at day 17 ofMN differ-

entiation on the other side of the fluidically isolated device

(Figures 1E, dark gray compartment and S1). The difference

in plating time was conducted to ensure an efficient co-cul-

ture betweenmaturingMNs and fusingmyotubes, to make

full use of the culture window in whichMAB-derived myo-

tubes are viable.

On day 21 of MN differentiation, a chemotactic growth

factor and volumetric gradient was implemented to induce

themigration ofMNaxons (Figure 1E, green compartment)

through the microgrooves to the compartment containing

myotubes (Figure 1E, red compartment). Due to these gra-

dients, a larger proportion of axons migrated through the

microgrooves from theMN compartment toward the myo-

tube compartment (Figure 2A), where they were able to

connect with clusters of a-bungarotoxin (Btx)-positive

AChRs expressed onmyotubes. AChRs represent an impor-

tant guidance cue for MN axons and hence NMJ formation

in vivo (Burden et al., 2018) andwe could indeed observe in-

teractions of MN neurites and AChR clusters on myotubes

indicative of the formation of NMJ-like structures (referred

to as NMJs from here on) (Figures 2B and 2C). However,

only a limited number of AChR clusters and hence NMJs

were identified in each culture.

Agrin and laminin stimulate neurite outgrowth and

NMJ formation

To increase the NMJ numbers in our model, we tested

whether supplementing the myotube culture medium

with A/L had an effect, as these compounds have been

shown to increase the AChR clustering at the sarcolemma

as well as to enhance NMJ formation (Afshar Bakooshli

et al., 2019; Burkin et al., 2000; Zhang et al., 2016). AChR

clustering on cultured myotubes is independent of

neuronal presence (Kummer et al., 2004; Osseni et al.,

2020), so, to investigate the effect on human primary

MABs-derived myotubes, we quantified AChR clustering

with and without these compounds (Figure S2). Our data

differentiation is initiated (d18). Day 21 (d21), a volumetric and chemotactic gradient of neurotrophic factors (BDNF, GDNF and CNTF) is

implemented to facilitate polarized growth of spinal MNs (sMN) through the microgrooves toward the myotubes to initiate the formation of

NMJs (d28). Cell illustrations were modified from Smart Servier Medical Art licensed under a Creative Commons Attribution 3.0 Unported

License (https://creativecommons.org/licenses/by/3.0/).

See also Figure S1.
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showed an increase in AChR clusters per myotube with A/L

in comparison with untreated controls (Figure S2C). A/L

supplementation did not affect the ability of MABs to

fuse into myotubes (Figure S1).

NMJs were identified through co-localization of distal

neurites (NEFH and synaptophysin) with Btx-positive

AChRs on MyHC-labeled myotubes and the number of in-

teractions was normalized to the number ofmyotubes. The

NMJs either appeared rudimentary and circular as single

contact point NMJs (Figures 3A and S2D), or elongated

with broad, flat, irregular multiple contact point NMJs (Fig-

ures 3B and S2E). In most cases, contacts between axons

and myotubes did not produce distinct axon termination

in endplate formation as seen in vivo but rather revealed a

continuation of axonal growth after embedment into my-

otubes (Figure 3B). No obvious morphological differences

in size, shape, or embedment formwere observed immuno-

cytochemically between controls and conditions with A/L

(Figures 3 and S2). However, addition of A/L doubled the

total number of NMJs per myotube in comparison with

control devices (Figure 3C). A/L also increased the number

of multiple contact point NMJs in comparison with single

contact point NMJs (Figure 3D). Scanning electron micro-

scopy (SEM) showed neurite embedment into the surface

of myotubes (Figures 3E and 3F) in line with our ICC obser-

vations. In addition, we observed larger, elongated NMJs

with A/L compared with untreated controls, further con-

firming the beneficial effect of these compounds.

As A/L are signaling molecules important for neurite

guidance, we investigated whether these supplements

have an effect on neurite outgrowth in addition toNMJ for-

mation. To quantify the difference, we acquired tile scan

images of the myotube compartment and isolated the neu-

rites (Figure S3). The images were converted to a mask and

analyzed with a linear Scholl analysis script similar to a pre-

viously publishedmethod (Jocher et al., 2018) (Figures S3A

Figure 2. Co-culturing of MNs and myotubes in microfluidic devices leads to NMJ formation

(A) Bright-field micrographs of MN and myotube (Myo) compartments in the XC150 device on day 28. Insets: magnification of axonal

migration through microgrooves (arrowheads). Scale bars, 100 mm and 50 mm (insets).

(B and C) Confocal micrograph of NMJ formation are shown as co-localization of presynaptic marker synaptophysin (SYP) and acetylcholine

receptor marker a-bungarotoxin (Btx) on MyHC-labeled myotubes. Insets: magnification of co-localizations (arrowheads). Scale bars,

25 mm and 10 mm (insets).
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Figure 3. Agrin and laminin improve NMJ formation in microfluidic devices

(A and B) Confocal micrographs of NMJs in agrin (0.01 mg/mL)- and laminin (20 mg/mL)-supplemented (A/L) and untreated (Con)

conditions on day 28 in XC150 devices. Single contact point NMJs (A). Multiple contact point NMJs (B). Scale bars, 10 mm. Arrowheads:

Btx-SYP/NEFH co-localizations.

(C) Number of Btx and SYP/NEFH co-localizations per myotube.

(D) Quantifications of NMJ single and multiple contact point morphology.

(E and F) Representative scanning electron microscopy (SEM) images of NMJ formation in SND75 devices on day 28 in A/L-supplemented

and control conditions. Single contact point NMJs (E). Multiple contact point NMJs (F). Insets: magnifications of NMJ (arrowheads). Scale

bars, 2 mm and 1 mm (insets). (C) Unpaired t test. (D) One-way ANOVA with Tukey’s multiple comparisons test. Mean ± SEM of four

biological replicates. *p < 0.05, **p < 0.01.

See also Figures S2 and S3.
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and S3B). The Scholl analysis creates an intersection line

every 50 mm, and the number of neurite pixels per intersec-

tionwas quantified (Figure S3C). Due to the high density of

neurites, which grow through the microgrooves in thick

bundles, we omitted the first intersection at 50 mmdistance

from themicrogroove exit. The initial exponential increase

in pixel intersections correlated with the ‘‘debundling’’ and

spreading of neurites post microgroove crossing (Fig-

ure S3C). Interestingly, we found an increase in neurite

outgrowth due to A/L treatment.

Taken together, these results demonstrate the formation

of human NMJs in our in vitro system. Supplementation of

A/L promoted the outgrowth of neurites and increased the

total number of NMJs per myotube as well as the contact

areas between branching MN axons and myotubes further

enhancing the embedment.

Human in vitro NMJs are functional through MN

stimulation

To evaluate whether the NMJs were functional, we per-

formed live-cell Ca2+ imaging (Figure 4). MN somas and

proximal axons were depolarized using 50 mM KCl and a

subsequent increase in Ca2+ influx in the myotubes pre-

loaded with the Ca2+-sensitive Fluo-4 dye was measured

(Figure 4A). The fluidic isolation of the compartments in

the microfluidic device ensured no direct contact between

the high KCl solution and themyotubes (Figure S4A). Stim-

ulation of MNs resulted in Ca2+ transient waves in the MN-

innervated myotubes, indicating a functional connection

through NMJ formation (Figures 4B and 4C).

To differentiate between excitable and non-excitablemy-

otubes, we stimulated the myotubes directly with KCl in

the myotube compartment after MN stimulation (Fig-

ure S4B). Excitable myotubes were considered responsive

to KCl through Ca2+ wave formation. Approximately 68%

of myotubes of total directly KCl-stimulated active myo-

tubeswere responsive throughMN stimulation (Figure 4D).

Quantification of peak values of the Ca2+ influx was per-

formed on myotubes demonstrating MN-dependent activ-

ity (Figure 4E). To confirm that the Ca2+ transients were due

to NMJ transmission, NMJs were blocked using the nico-

tinic AChR competitive antagonist, tubocurarine (DTC)

(Afshar Bakooshli et al., 2019), which successfully in-

hibited the Ca2+ transients in our system (Figures 4C and

4E). To assess whether the myotube excitability was

Figure 4. In vitro NMJs are functionally active

(A) Schematic overview of transient fluorescent Ca2+ imaging in

XC150 devices on day 28. MN compartment (green) is stimulated

with 50 mM KCl, which initiates an intracellular response through

MN axons evoking an increase in Ca2+ influx in the Fluo-4-loaded

myotubes (red compartment). Cell illustrations are modified from

Smart Servier Medical Art licensed under a Creative Commons

Attribution 3.0 Unported License (https://creativecommons.org/

licenses/by/3.0/).

(B) Fluorescent micrograph examples of before, during, and after

stimulation depicting a wave of increase in intracellular Ca2+ in

myotubes upon MN stimulation. Inset shows a magnification of an

innervated active myotube. Scale bars, 100 mm and 200 mm (in-

sets).

(C) Representative Ca2+ influx curves in myotubes after KCl

activation (arrow) of MNs before (myotube 1–3) and after

10 min treatment with NMJ blocker tubocurarine (myotube A-C

DTC).

(D) Ratio of MN-stimulated active myotubes to directly KCl-acti-

vated myotubes.

(E) Effect of DTC on the intensity fluorescent increase due to

Ca2+ influx induced by KCl increase in the MN compartment. Mean ±

SEM of three to four biological replicates. Mann-Whitney test.

****p < 0.0001.

See also Figure S4.
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dependent on MN presence, we cultured myotubes in 24-

well plates and stimulated them with KCl (Figures S4C

and S4D). Myotubes were active regardless of MN presence

(Figure S4C), and they likewise emitted a Ca2+ response in-

dependent of DTC treatment, excluding a direct inhibitory

effect of DTC on muscle depolarization (Figure S4D). In

conclusion, these results confirm the functional MN inner-

vation of myotubes through NMJ formation.

Mutant FUS-ALS causes a reduction in NMJ numbers

To assess the effect of disease-causing ALSmutations in this

human in vitro NMJ model, we used two iPSC lines with

mutations in the FUS RNA binding protein (FUS) gene.

One from a 17-year-old ALS patient with a de novo point

mutation (P525L) and another one from a 71-year-old

ALS patient with a R521H mutation. These patient lines

were systematically compared with their corresponding

CRISPR-Cas9 gene-edited isogenic P525P and R521R con-

trols, respectively (Guo et al., 2017; Wang et al., 2018).

MN differentiation verification with ICC showed no differ-

ence in the differentiation potential between the different

lines with an approximate expression of 85%–95% of MN

markers (Figures S4E–S4G).

NMJquantifications revealedahighernumberofNMJsper

myotube in the P525P isogenic control system than in the

P525L (Figures 5A, 5B, and S5), indicating a mutant FUS-

dependent impairment of NMJs. A small difference was

also observed between the R521R and R521H co-cultures.

In addition, we observed a higher number of multiple con-

tact point NMJs than single contact point NMJs (Figure 5C)

in the isogenic control systems,while this differencewasnot

observed in the mutant systems, suggesting that there is a

difference in thematuration state between the ALS and con-

trol co-cultures.

MN neurite outgrowth and regrowth is diminished in

FUS-ALS

When culturing the motor unit systems for NMJ quantifi-

cations, we also observed a striking difference in neurite

outgrowth between themutant P525L and its isogenic con-

trol P525P (Figures 6A and 6B), which was confirmed with

our linear Scholl analysis (Figure 6F). No obvious difference

in outgrowth was observed in the other pair (R521H and

R521R) (Figures S6A, S6B, and S6E). Next, we investigated

whether this difference in neurite outgrowth was depen-

dent onmyotube presence (Figures S6F–S6K). Interestingly,

we observed fewer neurites crossing in smaller bundles in

the devices without myotubes, suggesting that myotubes

play a role in the polarization of neurites in addition to

the volumetric and chemotactic gradient. A similar

decrease in neurite outgrowth in FUS-mutant P525L in

comparison with isogenic control P525P systems was

observed without myotubes present, although the differ-

ence was less pronounced. To test whether mutant and

Figure 5. NMJs are impaired in ALS

(A) Confocal micrographs of NMJs with A/L from ALS-FUS (P525L, R521H) and isogenic control (P525P, R521R) MN/myotube co-cultures

on day 28. Scale bars, 10 mm. Arrowheads: Btx-SYP/NEFH co-localizations.

(B) Quantification of NMJs as Btx and SYP/NEFH co-localizations and expressed per myotube.

(C) Quantification of NMJ single and multiple contact point morphology. Mean ± SEM of three to four biological replicates. (B) Unpaired t

test or Mann-Whitney test. (C) Kruskal-Wallis test with Dunn’s multiple comparisons test. *p < 0.05, ***p < 0.001, ****p < 0.0001.

See also Figures S4, S5, and S7.
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isogenic control MNs showed any variation in their initial

neurite outgrowth, we cultured MN-NPCs from P525L and

control P525P in 24-well plates and analyzed the neurite

outgrowth using IncuCyte NeuroTrack software (Figures

S7A and S7B). Images were taken every 2 h over the first

24 h after plating of NPCs and no difference in neurite

outgrowth was observed between the two lines, suggesting

that this phenotype only appears later upon MN

maturation.

We next investigated whether a similar difference could

be found when evaluating MN neurite regrowth upon ax-

otomy. Therefore, we cultured MNs from FUS-mutant

P525L and its isogenic control P525P in devices without

myotubes, and performed a combined mechanical and

chemical axotomy at day 22 ofMNmaturation (Figure 6G).

The neurites were allowed to regrow for 24 h before fixa-

tion, imaging, and linear Scholl analysis. Here, we also

observed a reduction in the neurite regrowth in the

P525L MNs in comparison with the control P525P MNs

(Figures 6H and 6I).

Taken together, these results show that the number of

NMJs and theMNneurite outgrowth/regrowth are affected

by mutations in FUS in our motor unit system. These im-

pairments can be successfully rescued by correction of the

mutations, emphasizing that the effects are a direct cause

of the point mutation in FUS.

HDAC6 inhibition rescues mutant FUS-mediated

impairments of neurite outgrowth and regrowth

Many studies demonstrated beneficial effects of HDAC6

inhibition in various models of neurodegenerative dis-

eases Benoy et al., 2017, 2018; d’Ydewalle et al., 2011; Fa-

zal et al., 2021; Guo et al., 2017; Krukowski et al., 2017;

Mao et al., 2017; Van Helleputte et al., 2018). HDAC6 is

primarily found in the cytosol where it can deacetylate

a-tubulin (Prior et al., 2018; Rossaert and Van Den Bosch,

2020), and we showed previously that HDAC6 inhibition

can rescue axonal transport defects in mutant FUS MNs

(Guo et al., 2017). As the impairment in neurite

outgrowth and regrowth could correlate with axonal

transport deficits, we investigated whether HDAC6 inhibi-

tion could also improve these phenotypes.

Therefore, we first treated our MN-myotube co-cultures

with the specific HDAC6 inhibitor, TubA (1 mM), in both

the MN and the myotube compartment for 24 h, at day

21 when the chemotactic and volumetric gradient was

imposed (Figure 6C). Interestingly, TubA treatment had a

striking effect on the neurite outgrowth in the mutant

P525L co-cultures, improving the outgrowth of neurites

to a similar level as the isogenic control P525P (Figures

6D–6F). TubA treatment also increased the outgrowth of

neurites for the other FUS mutation (R521H) to a level

above the control (Figures S6C and S6E), but had no effect

on the initial outgrowth of P525P and P525L MN neurites

during the first 24 h of culture (Figures S7A and S7B). TubA

treatment had no effect on the previously described cyto-

plasmic mislocalization of FUS in the P525L MNs (Figures

S7C and S7D) (Guo et al., 2017).

We next treated our P525L and P525PMNs in the devices

for the regrowth experiment with TubA in both compart-

ments. MNs were treated for 24 h either from days 21 to

22 (pre-axotomy) or from days 22 to 23 (post-axotomy)

(Figure 6G). Remarkably, post-axotomy TubA treatment

could rescue the FUS-mediated impairment in regrowth

in the P525L MNs, while pre-axotomy TubA treatment

had no effect (Figures 6H and 6I). These results suggest

that HDAC6 inhibition could be useful as a treatment after

injury rather than a prophylactic therapy.

Figure 6. ALS-dependent impairment in neurite outgrowth and regrowth is rescued by HDAC6 inhibition

(A) Tile scan confocal overviews of neurite outgrowth (NEFH) in the myotube compartment from P525L and P525P cultures at day 28.

Arrows (right): growth direction from exit of microgrooves. Scale bars, 300 mm.

(B) Masks of tile scans with intersection lines at every 50 mm starting from microgroove exit.

(C) Schematic representation of outgrowth experimental time course implementing treatment with TubA. At day 21 (d21), both MN and

myotube compartments were treated with 1 mM TubA for 24 h in addition to the start of the chemotactic and volumetric gradient.

(D) Tile scan confocal overviews of neurite outgrowth in myotube compartment at day 28 from P525L and P525P MN/myotube co-cultures

with TubA treatment. Scale bars, 300 mm.

(E) Masks of tile scans with TubA treatment.

(F) Neurite outgrowth quantifications of the number of pixel intersections in P525L and P525P MN/myotube co-cultures with and without

TubA treatment. Mean graph of three to eight biological replicates.

(G) Schematic representation of regrowth experimental time course implementing 24 h treatment with TubA before or after axotomy (day

22).

(H) Masks of tile scan overviews after 24 h neurite regrowth in empty myotube compartment from P525L and P525P cultures without, and

with pre-axotomy and post-axotomy treatment with TubA. Arrows (right): growth direction from exit of microgrooves. Scale bar, 300 mm.

(I) Neurite regrowth quantifications of the number of pixel intersections. Mean graph of three biological replicates. Cell illustrations in (C

and G) are modified from Smart Servier Medical Art licensed under a Creative Commons Attribution 3.0 Unported License (https://

creativecommons.org/licenses/by/3.0/).

See also Figures S4, S6, and S7 and Tables S3 and S4.
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HDAC6 inhibition improves NMJ formation in FUS-

ALS

Since TubA treatment proved to have a beneficial effect on

neurite outgrowth and regrowth, and HDAC6 recently has

beendemonstrated to regulateAChR receptorclustering (Os-

seni et al., 2020), we next investigated whether this would

have an effect on the formation of NMJs. Indeed, compared

withour controlNMJdata,we observed that 24hTubA treat-

ment resulted in a tendency toward an increase in total and

multiple contact point NMJ numbers in FUS-ALS P525L co-

culture systems, although this did not reach statistical signif-

icance (Figures7Aand7B).However,wecoulddemonstrate a

significant increase in multiple contact point NMJs in the

FUS-ALS R521H co-cultures reaching similar levels as its cor-

responding control (R521R, Figure 7C).

In conclusion, we observe a beneficial effect of HDAC6

inhibition on neurite outgrowth, regrowth, and NMJ for-

mation in mutant FUS co-cultures illustrating that our

in vitro system can be used to test new therapeutic strategies

for MN diseases.

DISCUSSION

In this study, we developed a standardized co-culture model

of hiPSC-derived MN and human primary MAB-derived

myotubes in commercial microfluidic devices resulting in

the formation of functional human NMJs. We observed

that supplementation of A/L promoted polarized MN

outgrowth as well as NMJ formation, further enhancing

the output of this in vitro model. In contrast, mutations in

FUShad a strikingnegative effect onneurite outgrowth, neu-

rite regrowth, and NMJ numbers. We could successfully

normalize these phenotypes by correcting the point muta-

tions, emphasizing that the impairments are a direct cause

of the mutations in FUS. Finally, we discovered that

HDAC6 inhibition can improve the neurite outgrowth/re-

growth impairments and partially restore the formation of

NMJs, further prompting HDAC6 inhibition as a potential

therapeutic strategy in ALS.

A human NMJ model eliminates the challenge of inter-

species variability and reduces the need for overexpression

of mutated genes in animal models, which might not fully

recapitulate human disease etiology or pathology (Greek

and Hansen, 2013; Morrice et al., 2018). In terms of NMJ

morphology, it is evident that rodent NMJs are larger,

more complex, and less fragmented than human NMJs,

and that human NMJs are more stable across the human

adult lifespan (Jones et al., 2017). These differences high-

light the importance of a human model of NMJs for mech-

anistic insights in human NMJ physiology and disease.

Figure 7. HDAC6 inhibition improves ALS-dependent impairments in NMJ morphology

(A) Confocal micrographs of NMJs with TubA treatment. Scale bar, 10 mm.

(B) Quantification of NMJs as Btx-SYP/NEFH co-localization per myotube with and without TubA treatment. Control data without TubA

treatment are identical to Figure 5B.

(C) Morphological analysis of NMJs without (C) and with TubA treatment. Control data (C) are identical to Figure 5C. Mean ± SEM from three

to four biological replicates. One-way ANOVA with Tukey’s multiple comparisons test or Kruskal-Wallis test with Dunn’s multiple com-

parisons test. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figures S4 and S7.
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This model generates single contact point NMJs, which

resemble ‘‘nummular’’ morphology in human NMJs from

amputates (Jones et al., 2017). In addition, large, irregular

multiple contact point NMJs are generated, which present

a more complex morphology compared with the

nummular NMJs and might therefore be a sign of further

maturation.

An advantage of our system is the use of hiPSC-derived

MNs, which allows for full adaptability to other MN disor-

ders, including sporadic forms of ALS. In addition, the use

of MABs in an NMJ co-culture model has, to our knowl-

edge, not been reported before. MABs present a valid alter-

native to human satellite cells or myoblasts, since they age

less, can undergo more passages, and are generally easier to

keep in culture (Dellavalle et al., 2007). Prolonging myo-

tube viability in vitro and hence increased NMJ maturity

could likely be accomplished by the incorporation of a dy-

namic adherence system allowing for myotube contrac-

tility (Osaki et al., 2018b). However, this requires a redesign

of the commercial microfluidic device. An ideal model

would contain both iPSC-derived MNs and myotubes

from the same donor; however, current protocols display

large variabilities in myotube fusion index (Jiwlawat

et al., 2018), which lowers the compatibility and compro-

mises the output of our system.

Using our model, we investigated the effects of mutant

FUS on the formation of human NMJs. Mutations in FUS

cause the mislocalization of FUS from the nucleus to the

cytoplasm, which has recently been reported in other fa-

milial as well as sporadic cases of ALS (Tyzack et al.,

2019). Interestingly, we saw a reduction in total NMJs

with an almost 50% decrease in the FUS-P525L system in

comparison with the control P525P. The FUS mutations

did not affect the amount of single contact point NMJs,

but had a large impact on the number of multiple contact

point NMJs. This is in line with the dying-back mechanism

where mature NMJs are lost in disease, while newly formed

immature NMJs are made simultaneously to compensate

for the lack of muscle innervation. However, we did not

observe a significant increase in single contact point

NMJs in the mutated system, which could explain such a

compensatory mechanism, although a tendency could be

observed. As a consequence, we cannot exclude that the

P525L findings are a result of a delayed maturation of the

system influenced by the impairment in neurite

outgrowth. Importantly, as we do not report a clear neurite

outgrowth deficiency in the R521H motor unit, this indi-

cates that NMJ numbers are affected independently of

maturation of the system but are rather due to the ALS-

causing mutation itself. The smaller difference in NMJ

numbers between FUS-ALS R521H and control R521R cor-

relates with a general observation of mild phenotypes in

this late-onset R521H patient in comparison with the

rather aggressive phenotypes found in the juvenile-onset

P525L-ALS patient in this system.

More andmore studies show impaired neurite outgrowth

in ALS. These include differences in axonal branching

(Akiyama et al., 2019), impairments in neurite elongation

speed (Osaki et al., 2018b), and in neurite length (Fujimori

et al., 2018). However, the underlying mechanism has yet

to be established.We observed that themutant FUS-depen-

dent reduction in neurite outgrowth and regrowth could be

rescued by selective inhibition of HDAC6, which suggests a

link to the widespread defects of the MN axonal transport

machinery (Guo et al., 2019). Our studies in peripheral

neuropathies demonstrated a correlation between an

improvement of axonal transport due to HDAC6 inhibi-

tion and the reinnervation of NMJs in vivo (Benoy et al.,

2018, 2017; d’Ydewalle et al., 2011; Van Helleputte et al.,

2018). Further studies are crucial to investigate the poten-

tial of HDAC6 inhibition in ALS, although our in vivo re-

sults in a FUSmouse model already indicate that also other

HDACsmight play an important role (Rossaert et al., 2019).

Overall, we established a versatile and relatively easy to

use motor unit system to study the functionality of human

NMJs in culture. This co-culture model has broad applica-

tion potential and is suited to test therapeutic strategies

focusing on reinnervation and/or the stabilization ofNMJs.

EXPERIMENTAL PROCEDURES

See supplemental information for detailed descriptions of the

methods.

Cell lines and reagents

Healthy human control iPSCs (SBAD2 line) generated from a 51-

year-oldwhitemale donorwere provided by the StemCell Institute

Leuven (SCIL, Leuven, Belgium), and, in addition, two previously

characterized FUS-mutant iPSC lines from a 17-year-old male ALS

patient carrying a de novo mutation (P525L) and a 71-year-old fe-

male ALS patient (R521H). The FUS-ALS lines were systematically

compared with their corresponding CRISPR-Cas9 gene-edited

isogenic control (P525P and R521R) generated by CellSystems

(Troisdorf, Germany) (Guo et al., 2017; Vandoorne et al., 2019;

Wang et al., 2018). Human control primary MABs were obtained

from a healthy 58-year-old donor (SCIL).

Chemicals and cell culture reagents were purchased from

Thermo Fisher Scientific (Waltham, MA, USA) unless specified

otherwise.

Co-culturing myotubes and MNs in a microfluidic

device

Human MABs were isolated and cultured as described previously

(Dellavalle et al., 2007; Tonlorenzi et al., 2007). The iPSC-derived

MNdifferentiation protocol utilized is based on amodified version

of theMaury et al. protocol (Maury et al., 2015) and has previously

been described (Guo et al., 2017; Wang et al., 2018).
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Day 10MN-NPCs were seeded in twowells and a channel on one

side of the microfluidic device at 125,000 cells per well (total of

250,000 NPCs/device). One week later, MABs were seeded in the

two wells and channel opposite to the MNs in the microfluidic de-

vice at 100,000 cells per well (total of 200,000 MABs/device). At

day 21, a chemotactic and volumetric gradient was established.

MN compartments received 100 mL/well neuronal medium

without neurotrophic factor, while myotube compartments

received 200 mL/well neuronal medium supplemented with

30 ng/mL BDNF (PeproTech, Rocky Hill, NJ, USA, cat. no. 450-

02B), GDNF (PeproTech, cat. no. 450-10B) and CNTF (PeproTech,

cat. no. 450-13B) in addition to 20 mg/mL laminin (Sigma, cat.

no. L2020-1MG) and 0.01 mg/mL recombinant human agrin pro-

tein (R&D Systems, cat. no. 6624-AG-050) (A/L). The growth factor

and volume gradients, including A/L, were kept at each medium

change, which was performed every other day for a week.

TubA treatment

Treatments were made for 24 h with 1–3 mM TubA (Selleckchem,

Houston, TX, USA, cat. no. S8049).

Immunocytochemistry and SEM

Immunocytochemistry and SEMare described in the supplemental

information. See also Tables S1 and S2.

Neurite axotomy and regrowth

The axotomy was performed using a similar method as described

previously (Nijssen et al., 2018).

Neurite outgrowth and regrowth quantifications

Tile scan images of NEFH fluorescence were taken using an in-

verted Leica SP8 DMI8 confocal microscope and neurites were iso-

lated using ilastik 1.3.3post1 Pixel Classification software. Total

number of pixel intersections was quantified per intersection line

utilizing a custom ImageJ 1.52p software linear School analysis

script.

For MN-NPC neurite outgrowth quantifications, NPCs were

imaged for 24 h using an IncuCyte ZOOM device with the Incu-

Cyte ZOOM 2016A software (Essen BioScience) and analyzed

with the IncuCyte NeuroTrack Phase Neurites software.

Calcium fluorescent imaging

On day 28 of MN differentiation, myotube compartments were

incubated for 25 min with 5 mM Fluo-4 AM (cat. no. F14201).

MNs were stimulated with 50 mM KCl and Fluo-4 fluorescence

was recorded in the myotube compartment. In addition, myotube

compartments were treated with 19 mM of the AChR competitive

antagonist tubocurarine hydrochloride pentahydrate (DTC)

(Sigma, cat. no. T2379-100G) for 10 min. Myotubes were cultured

without MNs in m-plates (ibidi, Planegg, Germany, cat. no. 82,406)

and tested for Ca2+ functionality, as well as in devices withoutMNs

to confirm fluidic isolation upon KCl stimulation in the MN

compartment. All recordings were acquired and analyzed using a

Nikon A1R confocal microscope and NIS-Elements AR 4.30.02

software.

Statistics

Data are presented as mean ± SEM, unless indicated otherwise. Sta-

tistical analyses were made in GraphPad Prism 7.04. Data were

tested for normal Gaussian distribution using the Anderson-

Darling test, D’Agostino-Pearson omnibus normality test, and

Shapiro-Wilk normality test. Statistical analyses were determined

using unpaired t test or Mann-Whitney test for differences of

mean between two groups and one-way ANOVAwith Tukey’s mul-

tiple comparisons test and Kruskal-Wallis test with Dunn’s multi-

ple comparisons test for difference of means between multiple

groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Data and code availability

The datasets used and analyzed during this study are available in

the source data file. ImageJ andNikon software scripts are available

upon request.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.03.029.
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