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and graphical abstract sections as well as other administrative documents. Importantly, we have reformatted our 

supplementary materials to address the limitation of only four supplementary figures matching the total number of 

main figures. One issue we cannot completely resolve is the 150 MB size limitation for the PDF file containing all 

the supplementary figures. Every individual supplementary figure in our manuscript contains multiple embedded 

movies. In fact we have a total of 28 embedded movies in the final composite PDF (165 MB in size). When we last 

discussed this issue via e-mail, Gabriel Harp mentioned that there may be some flexibility with the 150 MB limit 

which will hopefully make the 165 MB file acceptable. Also, please let us know whether you need any additional 

information regarding the embedded PDF movies for the main Figure 3. Similar to our last submission, we provide 

Fig. 3 as a separate PDF file (Fig. 3Video) that includes the embedded movies and a version with the still images. 

This should allow the production team to create the two PDF versions for the reader as proposed. 

 

All changes in the main manuscript are marked in blue font for easy reference. Thank you again for your help and 

consideration of our work. 
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Reviewers' comments: 

 

 

Reviewer #1: The authors have done a very thorough job of addressing my concerns 

and in general I am happy with the manuscript as revised. 

 We thank the reviewer for his/her positive evaluation. 

 

Minor comments 

 

2. Resting MP should be made clear in the main text not in supplementary. 

 

We believe the reviewer refers to the definition of the error. We have now 

included the definition (SEM) on page 9 for the RMP of ChR2 and EYFP 

neurons.  

 

3. They talk about 20% of purified cultures. Does this mean 20% of all MN cultures 

contained some myogenic cells, or that up to 20% of cells could be myogenic? Make 

clear. 

To clarify this issue we now write on page 8: “…20% of long-term MN-only 

cultures produced…” 

 

5. Co-culturing with human MNs did not induce expression of adult epsilon subunit. 

This is a pity because not all MG antibodies bind only the alpha subunits, some bind 

specifically to the gamma subunits, and there are patients whose antibodies are most 

clearly seen when adult AChR is used - hence both are included in the commercial 

assays. Also genetic mutations in the epsilon subunit are very common and an 

important cause of congenital myasthenic syndromes. In addition, the interactions 

of the fetal and adult receptors with the synaptic machinery may be different. For 

all these reasons, it is disappointing that they did not find adult receptors in their 

co-cultures. And this potential limitation should be made clear in the text and 

Discussion. 

Response to Reviewers



To address this point we now write on page 14: “The plaque-like AChR clustering 

(Marques et al., 2000), lack of expression of the adult AChR epsilon subunit and 

the stimulation-induced enhancement of contractility (Figure 4J) suggest the 

formation of fully functional, fetal-like…”. 

 

 

Reviewer #2: The authors presented a novel and attractive assay system to model 

NMJ. However, there is still a point left to be considered. The authors did not 

address the issue of the reproducibility and feasibility for future application to 

disease modeling, although this is emphasized in the manuscript title. That being 

said, this manuscript is still attractive and will provide high impact for the NMJ 

research field. Without adding the data of other iPS clones, besides a single suitable 

clone for this method, it would be hard to compare disease and healthy state for 

disease modeling. 

We thank the reviewer for the overall positive assessment. Regarding the 

remaining criticism, we would like to emphasize that many neuromuscular 

diseases are not genetic and instead mediated by humoral or toxic factors. 

Examples other than myasthenia gravis are acquired neuropathies (e.g. through 

diabetes, alcohol abuse, hypovitaminosis, critical illness, uremia, paraneoplasia, 

amyloidosis) or inflammatory neuropathies (e.g. Guillain-Barré-Syndrome, 

chronic inflammatory demyelinating polyneuropathy, multifocal motor 

neuropathy, vasculitic neuropathy). In addition, many diseases classically 

affecting neuromuscular transmission are not genetic (e.g. myasthenia gravis with 

antibodies against MuSK, Lambert-Eaton Syndrome, botulism, Stiff person 

syndrome). Moreover, several muscle diseases are non-genetic (e.g. toxic 

myopathies caused by alcohol or steroids and myositis). All these classic 

neuromuscular diseases could readily be modelled using our system and multiple 

disease and control iPS clones would not be necessary for those disorders. 

However it is true that some prime neuromuscular disease targets such as ALS are 

at least in part (~10%) monogenetic. For such monogenetic diseases we suggest 

that in the CRISPR/Cas9 era our ChR2 clone could be used and a disease-causing 



mutation be introduced. This strategy would assure an identical expression of 

ChR2 in genetically identical clones except for the introduced mutation. However 

we believe that such experiments are beyond the scope of the current manuscript.  

For sporadic forms of ALS or other neurodegenerative diseases where disease-

causing mutations cannot be easily introduced we suggest that disease and control 

iPS clones should be transduced simultaneously with ChR2 lentivirus from the 

same virus preparation. Emerging clones or their neuronal progeny should be 

validated for similar ChR2 expression and functionality by 

immunocytochemistry, qPCR and potentially also by electrophysiology.  

We would be happy to assist interested labs with all of these technologies 

regarding the generation of desired cell lines. However such experiments are once 

again beyond the scope of the current work. 

 

 

Reviewer #4: The authors have addressed all my previous concerns! This is an 

exciting and timely piece of research and I congratulate them on this work! 

 We thank the reviewer for his or her support. 
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Summary <150 

Capturing the full potential of human pluripotent stem cell (PSC)-derived neurons in 

disease modeling and regenerative medicine requires analysis in complex functional 

systems. Here we establish optogenetic control in human PSC-derived spinal 

motorneurons and show that co-culture of these cells with human myoblast-derived 

skeletal muscle builds a functional all-human neuromuscular junction that can be 

triggered to twitch upon light stimulation. To model neuromuscular disease we 

incubated these co-cultures with IgG from myasthenia gravis patients and active 

complement. Myasthenia gravis is an autoimmune disorder that selectively targets 

neuromuscular junctions. We saw a reversible reduction in the amplitude of muscle 

contractions, representing a surrogate marker for the characteristic loss of muscle 

strength seen in this disease. The ability to recapitulate key aspects of disease 

pathology and its symptomatic treatment suggests that this neuromuscular junction 

assay has significant potential for modeling of neuromuscular disease and 

regeneration. 
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INTRODUCTION 

Application of PSC-derived neurons in regenerative medicine and disease 

modeling ideally requires their integration into complex functional human networks or 

tissues. For several CNS cell types this need has been addressed by the development of 

more integrative tissue engineering approaches where pluripotent cells were used to 

generate miniature three-dimensional model versions of human organs (Lancaster and 

Knoblich, 2014). Yet, one of the most important properties of neurons, namely their 

ability to form functional synapses and transmit information to appropriate downstream 

targets, remains largely unexplored in human organoids and other PSC-based model 

systems. Recent studies have started to integrate optogenetics, a technique that allows for 

light-mediated, millisecond-precise activation of genetically targeted neuronal 

populations (Boyden et al., 2005; Zhang et al., 2011), into PSC-based regenerative 

medicine paradigms (Bryson et al., 2014; Cunningham et al., 2014; Steinbeck et al., 

2015). We therefore hypothesized that optogenetics may similarly enable the assessment 

of neuronal connectivity in an all-human complex culture system such as a 

neuromuscular co-culture. 

 Remarkable progress has been made in the generation of spinal motorneurons 

from human PSCs (Amoroso et al., 2013; Calder et al., 2015; Chan et al., 2007; Davis-

Dusenbery et al., 2014; Maury et al., 2015) but their ability to functionally connect to and 

control human skeletal muscle function has not been assessed. The connection between 

spinal motorneurons and skeletal muscle is the crucial final pathway of the human 

pyramidal motor system controlling voluntary movements (Barker et al., 1985). It is 

severely affected in many traumatic, degenerative and inflammatory diseases, which are 
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classically believed to affect mainly either the neuronal (Kuwabara and Yuki, 2013; 

Sendtner, 2014; Silva et al., 2014; Titulaer et al., 2011), or the muscle side (Mercuri and 

Muntoni, 2013; Plomp et al., 2015) of the neuromuscular junction. It is clear that muscle 

denervation and re-innervation dramatically alter muscle physiology (Cisterna et al., 

2014; Daube and Rubin, 2009). Vice versa, there is increasing evidence that muscle-

dependent trophic, cell adhesion, and axon-guidance signals play an essential role in the 

formation and maintenance of the neuromuscular junction. Physiological activity such as 

exercise or pathological conditions such as ALS and other neuromuscular disorders 

greatly affect strength and function of the neuromuscular junction (Moloney et al., 2014). 

Similar to an animal model, a human system to study neuromuscular development and 

disease should comprise of the main components of the neuromuscular junction including 

spinal motorneurons and skeletal muscle and be amenable to functional testing and 

manipulation.  
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RESULTS 

Optogenetic control in human spinal motorneurons 

To establish optogenetic control in a human spinal MN population we transduced 

undifferentiated H9 hESCs with lentiviral vectors for the expression of 

Channelrhodopsin2-EYFP or EYFP alone under control of the human synapsin promoter. 

The synapsin promoter was selected for its faithful and robust expression in human PSC-

derived neurons. Clonal hESC lines were expanded and validated by PCR for genomic 

integration of the transgenes (data not shown) as well as maintenance of pluripotency 

marker expression (Figure 1A, O). Only ESC clones with robust transgene expression 

across various neuronal differentiation paradigms (Steinbeck et al., 2015) were selected 

for further experiments. Differentiation into spinal motorneurons was achieved by 

combining dual SMAD inhibition (Chambers et al., 2009) with activation of the 

hedgehog pathway for ventralization and exposure to retinoic acid for caudalization 

(Calder et al., 2015). By day 20 of differentiation the ChR2-EYFP transgene was 

expressed strongly in the neuronal clusters emerging under those culture conditions 

(Figure 1B). We developed a simple purification procedure involving dissociation of the 

cultures on day 20 and sedimentation of the neuronal clusters while the supernatant, 

containing the non-neuronal cells, was discarded. This strategy allowed for a significant 

purification of hESC-derived MNs (Figure 1C). qRT-PCR analysis of 5 consecutive MN 

differentiations confirmed a 3-fold enrichment of the bona-fide sMN markers ISL1, 

NKX6.1 and OLIG2 in purified MN cultures (Figure 1D), whereas markers for non-

neuronal contaminants (FOXA2, PDX1) were approximately 10-fold depleted in purified 

MN cultures (Figure 1E). In an additional qRT-PCR experiment on purified MNs on day 
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40 we found the physiologically relevant MN markers choline acetyltransferase (ChAT) 

acetylcholine esterase (ACHE) and agrin (AG) to be expressed (CHAT 60.3 

± 29.6 % of HPRT, ACHE 273.6 ± 59.3 % of HPRT, AG 79.3 ± 32.1% of HPRT). By 

immunocytochemistry we confirmed that purified MNs expressed HB9 and ISL1 in 

combination with ChR2-EYFP (Figure 1F) as well as ChAT and the mature 

neurofilament marker SMI32 (Figure 1G). An alternative protocol for MN induction 

(Maury et al., 2015) produced comparable results (Figure 1H-J). Optogenetic control was 

validated in electrophysiological experiments. In matured spinal motorneurons (beyond 

day 60), which were identified under bright field and green fluorescent optics (Figure 

1K), resting membrane potential was -62.4 ± 4.8 mV (SEM). Tonic action potential (AP) 

firing was evoked from a membrane potential held at -70 ± 2 mV by injection of 

depolarizing current steps (Figure 1L). In addition, 4 out of 4 ChR2 expressing neurons 

fired light-induced APs over a broad frequency range form 0.2 – 10 Hz (Figure 1M, N). 

Spike fidelity was 100% from 0.2 to 2 Hz, 93.3 ± 5.7 % at 5 Hz and 65.5 ± 23.3 % at 10 

Hz. Purified neurons from the EYFP hESC line also expressed HB9 and ISL1 (Figure 1 

O, P). Resting membrane potential was -58.4 ± 2.6 mV (SEM). These control neurons 

could be induced to fire APs by current injection (Figure 1Q). But as expected, 2 out of 2 

tested EYFP+ neurons did not respond to any light stimulation (Figure 1R).  

 

Functional human skeletal muscle  

To obtain functional skeletal muscle in vitro, we used human primary myoblasts 

from an adult (hMA) and a fetal donor (hMF). Both types of myoblasts (Figure 2A) were 

induced to differentiate when they reached 70% confluence. Both myoblast cultures fused 
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to form multinucleated myotubes within 4 to 7 days after the initiation of differentiation. 

Stimulation with acetylcholine (ACh, 50µM) caused adult and fetal myofibers to contract 

with increasing reliability from day 10 to day 17 (Figure 2B and S1A, B). Muscle 

functionality was further assessed in calcium imaging experiments. Muscle cultures 

plated on glass coverslips were incubated with the calcium dye Fura2 on day 35 of 

differentiation. After stimulation with ACh the fibers generated a distinct calcium 

transient (Figure 2C and S1C, D). Quantification of AChR subunits by qRT-PCR 

revealed that day 30 muscle cultures expressed the fetal gamma subunit (CHRNG, 32.2 

± 8.6% of HPRT in hMA cultures and 97.1 ± 33.4 % of HPRT in hMF cultures) whereas 

the adult epsilon subunit was almost undetectable (CHRNE < 0.2% of HPRT expression 

in hMA and hMF cultures, CHRNG:CHRNE ratio > 100 for both muscle types). Human 

myo-cultures also expressed muscle specific kinase (MuSK, 44.8 ± 18.5% of HPRT in 

hMA cultures and 73.8 ±  15.8 % of HPRT in hMF cultures). Immunocytochemical 

analysis confirmed that multinucleated myotubes expressed fast skeletal muscle myosin 

(Fig S1E), whereas the mesenchymal stroma expressed the intermediate filament 

vimentin (Fig S1F). Structurally intact myotubes could be maintained in culture at least 

until day 90, but did not develop the typical skeletal muscle striation under these 

conditions in the absence of motorneurons (Figure S1G, H).  

 

Generation of functional human neuromuscular co-cultures 

To establish the neuromuscular co-culture, we used the purified ChR2-expressing 

spinal motorneurons (day 20-25) and plated them onto pre-differentiated skeletal 

myofibers (day 5-10). After plating, hESC-derived spinal MN cell bodies mostly 
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remained within the neuronal clusters but extended axons across the adult and fetal 

muscle (up to 2 mm within the first week, Figure 3A, E). Co-cultures were tested for the 

establishment of neuromuscular connectivity in weekly intervals. For this purpose the 

cultures were observed under bright field illumination and intermittently stimulated with 

blue light pulses. Six to eight weeks after initiation of the co-culture, the elongated 

cylindrical myoblast-derived muscle fibers remained morphologically intact and started 

to contract in response optogenetic stimulation (470 nm, 0.2 Hz, 300 ms pulse width). 

Figures / Videos 3B, F show mature co-cultures with both muscle types. Figure 3C, G 

show the quantification of muscle twitches of individual fibers from such cultures (for 

videos see Figure S2B, C, H, I). The lower panels of Fig. 3C, G show extended 

stimulation over 500 seconds (Fig 3C at 0.2 Hz, Fig 3G at 0.1 Hz). 630 nm light never 

caused any muscle contraction (Figure S2D), indicating that muscle twitching was a 

result of ChR2 activation. Addition of vecuronium (2µM), an antagonist of the nicotinic 

acetylcholine receptor (AChR) completely blocked the light induced muscle twitches in 

all tested cultures (Figure 3D, H and videos Figure S2 E, L). These data indicate that 

connectivity was indeed established through a functional neuromuscular cholinergic 

synapse and not the result of cell fusion (i.e. ChR2 transfer into the muscle membrane 

which would cause direct muscle activation). Similar results were achieved when ChR2+ 

MNs generated through the alternative protocol (Maury et al., 2015) were plated onto 

hMA- (Figure S2 J, K, L) or hMF-derived muscle (data not shown). Most MN-only 

cultures never showed any light induced twitching (Figure S3A-C). However, 

approximately 20% of long-term MN-only cultures produced a non-neural overgrowth, 

which sometimes displayed light induced, vecuronium sensitive twitching (Figure S3D-
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G). These data suggest that MN cultures with suboptimal purification may contain PSC-

derived myogenic cells. Alternatively, the derivation of precursors capable of generating 

both spinal motorneurons and paraxial mesodermal structures including skeletal muscle 

has been reported recently (Gouti et al., 2014). However, such PSC-derived muscle-like 

cells never showed the isolated, elongated morphology typical for primary myoblast-

derived fibers, 

We next characterized key physiologic parameters in the functional 

neuromuscular cultures. Matured co-cultures were incubated with the calcium dye Fura2 

and mounted into an imaging chamber for continuous perfusion. In regions that were 

previously identified to show muscle contraction in response to light stimulation (Figure 

3I), 470 nm optogenetic stimulation produced calcium spikes in myofibers, which could 

be blocked by vecuronium (6 out of 6 cultures, Figure 3J). The lower panel of Figure 3J 

confirms stability of neuro-muscular excitability in a calcium imaging experiment over 

45 minutes (n=3). In a separate study, skeletal myotubes (n=5), identified by their 

cylindrical and striated appearance under phase contrast microscopy and by their ability 

to undergo light-induced twitching were selected for intracellular recordings (Figure 3K). 

Light-responsive myotubes were impaled with sharp microelectrodes and muscle APs 

were recorded during 447 nm optogenetic stimulation at frequencies from 0.2 to 2 Hz. 

Spike fidelity was 100% at 0.2 Hz, 93.3 ± 6.7 % at 0.5 Hz, 75 ± 15.0 % at 1 Hz and 80 

± 10.0 %  at 2 Hz. Vecuronium (2µM) completely blocked light-induced APs in 

myofibers in a reversible manner. To address the long-term stability of neuromuscular 

connectivity over the course of several days and weeks, contractile regions (n=7) were 

assessed every 5 days. Quantitative analysis revealed that all 7 regions remained 
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responsive to optogenetic stimulation and contraction increased to 137.3 ± 50.7% until 

day 25 as compared to day 0 (Fig. 3L). 

Morphological characterization revealed the presence of a layer of non-neuronal 

cells, potentially representing stromal cells that may be necessary to hold the contracting 

muscle in place. The majority of these stromal cells expressed vimentin and a minority 

GFAP (Fig. 1M). In most contractile regions a dense network of neuronal processes was 

found in close contact with myotubes staining for desmin (Figure 3N) or myosin (data not 

shown). Neuronal EYFP+ boutons were found to be in close contact with striated, 

multinucleated muscle fibers (Figure 3O). The acetylcholine receptor located on 

myofibers was labeled with bungarotoxin (BTX). High power confocal imaging (Figure 

3P and S2M) revealed plaque-like clustering (Marques et al., 2000) of the acetylcholine 

receptor on muscle membranes in close apposition to MN synaptic terminals. 

Quantification of BTX+ dots on myofibers revealed a significant increase in contracting 

and strongly innervated regions as compared to non-contracting regions (Fig 3Q, R; two-

tailed unpaired t test, p = 0.016, t = 2.60). Quantification of AChR subunits by qRT-PCR 

revealed that co-cultures matured for 6 weeks expressed the fetal gamma subunit 

(CHRNG, 17.3 ± 7.5% of HPRT in hMA co-cultures and 27.4 ± 9.0 % of HPRT in hMF 

co-cultures) whereas the adult epsilon subunit was almost undetectable (CHRNE < 0.1% 

of HPRT expression in hMA and hMF co-cultures, CHRNG:CHRNE ratio > 100 for both 

co-culture types). Therefore, co-culturing with human spinal motorneurons did not induce 

expression of the adult epsilon subunit within the time frame studied here. 

Neuromuscular co-cultures also expressed muscle specific kinase (MuSK, 7.9 ± 1.9% of 

HPRT in hMA co-cultures and 27.7 ± 10.3 % of HPRT in hMF co-cultures).  
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Myasthenia gravis disease modeling 

Next we sought to address whether the functional neuromuscular co-cultures were 

suitable to model a classic human neuromuscular disease. Myasthenia gravis (MG) 

(Toyka et al., 1977; Verschuuren et al., 2013) is caused by the emergence of 

autoantibodies against proteins in the neuromuscular junction (e.g. the acetylcholine 

receptor, AChR). Binding of the pathogenic antibody to AChR activates the complement 

cascade, resulting in destruction of the neuromuscular endplate (Sahashi et al., 1980), 

which ultimately causes progressive muscle weakness in patients. We therefore 

quantified light-induced muscle contractions in functional co-cultures of MNs with adult-

derived myoblasts (hMA) before (Figure 4A, D and Figure S4A, D, G) and after the 

incubation with purified IgG fractions (200 nM total IgG) from two MG patients with 

clearly elevated AChR antibody titers (#1 and #2). Sandoglobulin (SG) polyvalent IgG 

served as control. Fresh human serum (2%) containing active complement was added 

together with all IgGs. When the exact same culture regions were tested again three days 

after IgG and complement exposure, we found that muscle twitches in response to light 

stimulation were reduced in cultures incubated with MG IgG and complement (Figure 4B 

and S4B, E) but not in control cultures incubated with control IgG and complement 

(Figure 4E, S4H). Quantification of muscle twitches in contractile cultures revealed that 

compared to the initial movement before addition of IgG and complement (day 0, 100%) 

control cultures showed an increase in muscle contraction to 125% on day 3 (n=14). In 

contrast, cultures incubated with IgG from either of the MG patients showed a significant 

decrease (MG#1, 68% n=14, and MG#2, 60%, n=11) in contractility (Figure 4G, One-

way ANOVA, p = 0.0046, F (2,36) = 6.25). Dunnett’s multiple comparisons test revealed 
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significant differences between the control group and either of the MG groups (CTRL vs. 

MG#1, p < 0.05, q = 2.93 and CTRL vs. MG#2, p < 0.01, q = 3.13), suggesting that a 

myasthenic phenotype had been introduced. To test if treatment responses could be 

modulated as in the human disease, we incubated MG cultures (Figure 4C and S4C, F, 

n=8) and controls (Figure 4F and S4I, n=4) with the ACh esterase inhibitor 

pyridostigmine (PYR, 10 µM). We found that PYR application in MG cultures induced a 

significant therapeutic effect (Figure 4C and 4H, +22%, two-tailed paired t test, p = 

0.002, t = 4.69). Next, we assessed if the myasthenic phenotype was reversible after 

washout of MG IgG and complement, mimicking plasmapheresis therapy (Gold et al., 

2008). MG IgG and complement were added to the media on day 0 and identical culture 

regions (n=4) were tested again 1 and 3 days after wash out on day 3 (days 4 and 6, 

respectively). Quantitative analyses revealed that in 4 out of 4 cultures, wash out of MG 

IgG and complement resulted in the reversal of the myasthenic phenotype (Figure 4I, D3 

vs. D6, two-tailed paired t test, p = 0.0098, t = 10.09). We also tested the effect of control 

and MG#1 IgG without the addition of complement over a 7-day time course. Untreated 

cultures (n=5) and cultures treated with CTRL IgG (n=6) increased in contractility over 

time, whereas cultures treated with MG#1 IgG (n=7) showed a delayed but significant 

decrease in contractility to approximately 70% on day 5 and day 7 (CTRL vs. MG on day 

7, Dunnett’s multiple comparisons test, p < 0.05, q = 3.10). This complement-

independent effect may be attributed to AChR crosslinking by the pathogenic antibody 

(Drachman et al., 1978). 

To further characterize the myasthenic phenotype we performed calcium imaging 

experiments. Acute application of MG#1 IgG did not reduce the light induced calcium 
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signal recorded from myofibers (0.2 to 5µM, up to 60 min, data not shown). Therefore 

cultures were pretreated with control and MG#1 IgG and human complement for 2 days. 

Calcium imaging was performed in regions with similar amounts of muscle fibers and 

dense innervation (Figure 4K, L). The light-induced calcium peaks, when quantified in 

all fibers identifiable in the visual field, were significantly weaker in cultures treated with 

MG#1 IgG and complement (n=11) as compared to controls (n=6, Figure 4M, CTRL vs. 

MG, two-tailed unpaired t test, p = 0.012, t = 2.83). After application of PYR, we 

detected a small but significant increase in the light-induced calcium spike (n=8, Figure 

4M, MG vs. MG+PYR, two-tailed paired t test, p = 0.046, t = 2.42).  In addition, the 

percentage of reactive fibers was reduced in cultures treated with MG#1 IgG and 

complement compared to controls (Figure 4N, CTRL 78% vs. MG 32%, two-tailed 

unpaired t test, p < 0.001, t = 4.79). After application of PYR, we found a tendency 

towards a higher percentage of fibers displaying a calcium spike, which did not reach 

significance (Figure 4N, MG vs. MG+PYR, two-tailed paired t test, p = 0.065, t = 2.19). 

Finally we sought to confirm the complement attack on the neuromuscular junction. For 

this purpose, cultures treated with MG#1 IgG and human complement as well as cultures 

treated with CTRL IgG and human complement for 24h were stained with an antibody 

recognizing the human complement fragment C3c. Co-labeling with BTX and EYFP 

revealed targeted complement deposition onto muscle membranes in particular at the 

neuromuscular junction in MG but not in CTRL cultures. (Figure 4 O, P). Quantification 

revealed a significantly increased deposition of complement at the neuromuscular 

junction in in MG cultures as compared to controls (Figure 4 Q, two-tailed unpaired t 

test, p = 0.008, t = 3.89). MN-only cultures did not show signs of morphologic 
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deterioration or toxicity (LDH release) when incubated with increasing amounts of MG 

and control IgG and complement (data not shown). 
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DISCUSSION 

Most anticipated applications of human spinal motorneurons in regenerative 

medicine (Davis-Dusenbery et al., 2014; Steinbeck and Studer, 2015) depend on their 

ability to functionally connect to skeletal muscle through neuromuscular junctions. 

However, the prospect of neuronal graft-to-host connectivity remains insufficiently 

validated due to technical limitations and the lack of suitable in vitro assays. Using 

optogenetics, we demonstrate that a human pluripotent stem cell-derived neuronal 

population with great therapeutic potential functionally connects to its bona fide human 

target tissue. Our experiments translate the findings of Bryson et al. (Bryson et al., 2014) 

into a human system. In addition, our in vitro approach allows for an in depth functional 

characterization of neuromuscular connectivity and the clear exclusion of cell fusion in 

functional experiments. In our system neuromuscular synaptogenesis likely involves the 

secretion of agrin by MN terminals which signals through MuSK and rapsyn to induce 

the assembly of the neuromuscular junction (Sanes and Lichtman, 2001; Wu et al., 2010). 

The plaque-like AChR clustering (Marques et al., 2000), lack of expression of the adult 

AChR epsilon subunit and the stimulation-induced enhancement of contractility (Figure 

4J) suggest the formation of fully functional, fetal-like neuromuscular synapses. Future 

refinements of the system could therefore include chronic stimulation paradigms to 

induce full maturation as well as the addition of other neuronal populations to form multi-

synaptic circuits (e.g. spinal interneurons (Maury et al., 2015), cortical neurons (Espuny-

Camacho et al., 2013) or Schwann cells (Lee et al., 2010)). The physical separation of 

muscle and MN cell bodies, 3D scaffolds to organize muscle orientation or matching of 
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the positional identities of MNs and muscle (Philippidou and Dasen, 2013) seem 

worthwhile as well. 

Beyond implications for human regenerative medicine, our novel culture system 

enables the modeling of neuromuscular disease in an all-human system. In our proof of 

concept study we show that some of the disease-specific functional and structural 

phenotypes of the prototypic neuromuscular disease myasthenia gravis and its treatment 

(Gold et al., 2008; Verschuuren et al., 2013) can be recapitulated by the simple addition 

of myasthenia patient IgG and complement. Similar strategies could be employed to 

investigate rare genetic forms of myasthenia. Our findings indicate that both degenerative 

as well as regenerative aspects of neuromuscular disease can be studied in this human 

functional neuromuscular co-culture. Accordingly, we propose that the novel system may 

enable the dissection of disease processes originating from either side of the 

neuromuscular junction using patient specific iPSC derived neurons (Kiskinis et al., 

2014) or muscle (Darabi et al., 2012; Skoglund et al., 2014). 
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EXPERIMENTAL PROCEDURES 

For extended versions of all experimental procedures see supplemental online material. 

 

Synapsin-hChR2-EYFP hESC line and differentiation into spinal motorneurons 

H9 hESCs were stably transduced with lentiviral particles (pLenti-Syn-hChR2(H134R)-

EYFP-WPRE.  Neural induction by dual SMAD inhibition was followed by MN fate 

specification (Calder et al., 2015).  MN clusters were purified by sedimentation.  

 

Human primary myoblast culture and neuromuscular co-cultures. Adult and fetal 

myoblasts were grown in SkGM-2 medium (Lonza). Differentiation was induced at 70% 

confluence in medium containing 2% horse serum. Purified MN clusters were 

resuspended in matrigel and plated on myocultures in MN medium + 2% horse serum.  

 

Co-culture testing, calcium imaging and electrophysiology. Regions with contracting 

fibers were imaged at room temperature followed by optogenetic stimulation at indicated 

frequencies and movements were quantified (MetaMorph Software). Myotubes or co-

cultures were incubated with Fura-2 and imaged under continuous perfusion. Myotubes 

were stimulated with acetylcholine (50µM). Co-cultures were illuminated for optogenetic 

stimulation.  Whole-cell current clamp recordings were performed on MNs at room 

temperature. Light-evoked APs were elicited using a 447 nm diode laser (OEM Laser). 

Myotubes contracting in response to light were impaled with sharp glass microelectrode 

for intracellular recordings.  
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Treatment with human serum and Myasthenia gravis IgG. Serum (containing 

complement) from 5 healthy donors was pooled and added to the media where indicated 

(2%v/v). IgG fractions were obtained from 2 severely affected MG patients. 

SandoglobulinR, a polyvalent IgG for therapeutic use served as control. Patients had 

given written consent to use their materials for research and this was approved by the 

Würzburg University Medical School Ethics Committee.  

 

Immunocytochemistry and imaging. Cells or cultures were fixed in PFA and blocked 

with 5% FBS/0.3% Triton. Primary antibodies were incubated (Supplementary Table 2) 

followed by Alexa Flour-conjugated secondaries. Cells were imaged on inverted 

fluorescence or confocal microscope followed by data deconvolution. 

  

  

http://www.nature.com/nature/journal/v480/n7378/full/nature10648.html#supplementary-information
http://www.nature.com/nature/journal/v480/n7378/full/nature10648.html#supplementary-information
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FIGURE LEGENDS 

Figure 1: Optogenetic control in hPSC derived spinal motorneurons (MNs).  

(A) Clonal hESC line carrying the hSyn-ChR2-EYFP transgene staining for OCT4 

(POU5F1) and DAPI. 

(B) At day 20 (D20) MN clusters express ChR2-EYFP, bright field (BF).  

(C) After purification MN clusters are enriched. 

(D) qRT-PCR, after purification sMN markers are up-regulated. 

(E) qRT-PCR, after purification non-neuronal markers are down-regulated. 

(F) At day 30 spinal MNs express ChR2-EYFP and stain for HB9 and ISL1. 

(G) At day 30 spinal MNs co-stain for ChAT and SMI32. 

(H) Alternative protocol ChR2-EYFP+ MNs.  

(I) At day 30 spinal MNs (alternative protocol) express ChR2-EYFP, HB9 and ISL1. 

(J) At day 60 spinal MNs (alternative protocol) express ChR2-EYFP, ChAT and SMI32. 

(K) Neuron in bright field and EYFP channel chosen for electrophysiology. 

(L) Beyond day 60 (D60+) hESC-derived MNs fire action potentials in response to 

depolarizing current injection.  

(M, N) Mature ChR2+ hESC-derived MNs faithfully fire action potentials in response to 

optogenetic stimulation. 

(O) Clonal hESC line carrying the hSyn-EYFP transgene staining for OCT4 and DAPI. 

(P) At day 30 purified spinal hESC-derived MNs express EYFP, HB9 and ISL1. 

(Q) Mature EYFP+ hESC-derived MN fires action potentials in response to current 

injection.  
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(R) Mature EYFP+ hESC-derived MNs do not respond to light stimulation. 

Scale bars 100 µM. Error bars represent SEM. 

 

Figure 2: Generation of functional human myofibers.  

(A) Human myoblasts derived from an adult donor (hMA, upper panel) and a fetal donor 

(hMF, lower panel). 

(B) Human myofibers at day 17 of differentiation. 

(C) Calcium imaging in human myofibers on day 35. Acetylcholine (ACh) induces a 

robust calcium transient. Each trace resembles a distinct fiber. 

Scale bars 100 µM. 

 

Figure 3: Characterization of neuromuscular co-cultures. 

(A, E) Co-cultures of spinal hESC-derived MNs with adult (hMA) and fetal (hMF) 

derived myofibers 1 week (1W) after initiation, EYFP and bright field channels. 

(B, F) Co-cultures of spinal hESC-derived MNs with adult (hMA) and fetal (hMF) 

derived myofibers 6-8 weeks after initiation. (Online version of Fig. 3 containing videos). 

(C, G) Quantification of muscle twitches in co-cultures in response to optogenetic 

stimulation for 50s (upper panel) and 500s (lower panel). Each trace resembles a distinct 

fiber.  

(D, H) Vecuronium (2µM) blocks light-evoked contractility in adult (D) and fetal (H) 

myofibers. 

(I) EYFP and bright field picture of calcium imaging experiment shown in J. 
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(J) Ratiometric analysis of calcium transients in myofibers in response to optogenetic 

stimulation for 2 min (upper panel) and 40 min (lower panel). Each trace resembles a 

distinct fiber. 

(K) Sharp microelectrode recording from a single myofiber. Generation of vecuronium-

sensitive action potentials in response to optogenetic stimulation at 0.2 and 2 Hz.  

(L) Long-term stability of neuromuscular connectivity. Movement in individual regions 

was quantified on day 5, 15 and 25 and compared to movement on day 0, normalized at 

100%.  

(M) Co-cultures contain a layer of vimentin+ and GFAP+ stroma. 

(N) Co-cultures show dense network of EYFP+ axons and desmin+ muscle fibers.  

(O) Multinucleated and striated myofiber in close contact with EYFP+ neuronal 

processes in contractile region. 

(P) High-power confocal imaging of clustered acetylcholine receptor (BTX) in close 

association with EYFP+ neuronal process and synaptophysin labeling. 

(Q, R) Contracting regions (CONTR, left) and non-contracting regions (NO CONTR, 

right) were compared for AChR clustering. Quantification of BTX+ dots revealed a 

significant increase in contracting / innervated regions. * p < 0.05. 

In C, D and G, H one pixel corresponds to 0.5 µm. Scale bars 100µm, except I, K 50 µm 

and P, Q 25 µm. 

 

Figure 4: Modeling of neuromuscular transmission failure, typical of Myasthenia 

gravis. 
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(A, D) Kinetogram of mature, contracting co-cultures of spinal MNs with adult myofibers 

(hMA) before the addition of myasthenia gravis (MG) IgG (patient 2) and complement 

(A) or control IgG and complement (D). 

(B, E) Same co-cultures as in A and D, on day 3 after the addition of myasthenia gravis 

IgG and complement (B) or control IgG and complement (E). 

(C, F) Same co-cultures as in B and E after the addition of pyridostigmine (PYR, 10 µM) 

on day 3. 

(G) Quantification of movement in cultures treated with MG IgG (patient #1 and 2) and 

complement or control IgG and complement on day 3 in % as compared to day 0. 

(H) Quantification of movement in cultures treated with MG IgG (patient #1 & 2 

combined) and complement before and after the addition of pyridostigmine on day 3.  

(I) Recovery of movement on day 4 and day 6 after wash out of MG IgG (patient #1 & 2 

combined) and complement on day 3. 

(J) Quantification of movement in cultures treated with MG IgG (patient #1), control IgG 

and in untreated cultures, all without complement. 

(K, L) Bright field and EYFP images of functional MN co-cultures with adult muscle 

(hMA) treated with MG IgG (patient #1) and complement or control IgG and 

complement at 48h in regions selected for calcium imaging.  

(M) Quantification of the calcium increase in response to optogenetic stimulation in MG 

and control cultures and after the addition of PYR.  

(N) Percentage of reactive fibers in response to optogenetic stimulation in MG and 

control cultures and after the addition of PYR.  
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(O, P, Q) Immunocytochemistry and quantification (Q) for the deposition of the human 

complement component C3c (blue) onto the neuromuscular junction co-labeled for EYFP 

(green) and BTX (red) 24h after the addition of MG IgG (patient #1) or control IgG and 

complement. Area in small boxes with dotted line are magnified in boxes with solid line. 

Scale bars 100 µm in K, L; 10 µm in O, P. In A-F one pixel corresponds to 0.5 µm. n.s. = 

not significant, * p < 0.05, ** p< 0.01, *** p < 0.001. All error bars represent SEM. 
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Main Fig. 3 with video
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