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Abstract

Introduction—Neuromuscular Junctions (NMJs) are the synapses between motor neurons and 

skeletal muscle fibers, and they are responsible for voluntary motor function. NMJs are affected at 

early stages of numerous neurodegenerative and neuroimmunological diseases. Due to the 

difficulty of systematically studying and manipulating NMJs in live subjects, in vitro systems with 

human tissue models would provide a powerful complement to simple cell cultures and animal 

models for mechanistic and drug development studies.

Areas covered—The authors review the latest advances in in vitro models of NMJs, from 

traditional cell co-culture systems to novel tissue culture approaches, with focus on disease 

modeling and drug testing.

Expert opinion—In recent years, more sophisticated in vitro models of human NMJs have been 

established. The combination of human stem cell technology with advanced tissue culture systems 

has resulted in systems that better recapitulate the human NMJ structure and function, and thereby 

allow for high-throughput quantitative functional measurements under both healthy and diseased 

conditions. Although they still have limitations, these advanced systems are increasingly 

demonstrating their utility for evaluating new therapies for motoneuron and autoimmune 

neuromuscular diseases, and we expect them to become an integral part of the drug discovery 

process in the near future.

1. INTRODUCTION

The neuromuscular junction (NMJ) is the chemical synapse between a motoneuron and a 

skeletal muscle fiber that enables muscle contraction and allows for voluntary motor 

movement. NMJ formation is controlled by interactions between motoneurons, skeletal 

muscle fibers, and glial cells [1]. In vertebrates, the presynaptic motor nerve terminal 

dictates the synthesis, storage, and release of the neurotransmitter acetylcholine (ACh) and 

agrin[2]. When an action potential reaches the presynaptic terminal and activates voltage-
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gated calcium channels, calcium enters the neuron and triggers the diffusion of ACh across 

the synaptic cleft to the acetylcholine receptors (AChRs) on the postsynaptic muscle 

membrane. Activation of these receptors leads to opening of cation channels in the muscle 

membrane, producing its depolarization. Meanwhile, acetylcholinesterases located within 

the synaptic cleft degrade the acetylcholine, allowing the NMJ to return to its resting state.

The NMJ is a structure of interest in a number of processes with biomedical relevance. For 

instance, the NMJ is the target of numerous poisons and neurotoxins such as curare, 

botulinum toxin, or nervous agents such as sarin gas. Furthermore, changes in NMJ structure 

have been detected at early stages in several motoneuron diseases, such as spinal muscular 

atrophy (SMA) [3–5] and amyotrophic lateral sclerosis (ALS)[6,7], suggesting that the NMJ 

could be a relevant therapeutic target. The NMJ is also affected in autoimmune diseases such 

as myasthenia gravis (MG), Lambert-Eaton myasthenic syndrome (LEMS) and Guillain-

Barré Syndrome (GBS), causing muscle weakness. Similarly, structural and functional 

changes of the NMJ have been reported in healthy individuals as well as part of the normal 

aging process[8,9].

Historically, animal models have been used to study the NMJ and have led to many 

discoveries regarding its formation and function[10]. However, there are differences between 

the human and other mammalian synapses that interfere with the transferability of results 

from animal models to humans. Jones et al. [11] showed there is a distinct anatomical 

difference between the human NMJ and the mouse NMJ; morphologically, the human NMJ 

is significantly smaller and more fragmented than its mouse counterpart, yet its active zone 

density is also higher than that of mice They also found differences in protein expression 

levels between human and mouse in crucial molecular pathways impacting NMJ form and 

function.

Furthermore, despite the undeniable value of animal systems in preclinical drug discovery, 

there is a disconnect between drug responses measured in animal systems and those in 

human clinical trials. As a result, only a small fraction of drugs that enter the clinical trial 

pipeline ends up being approved. This unacceptably low success rate can be attributed, at 

least in part, to the failure of animal disease models in replicating human disease, which 

often results in differential drug responses and toxicities relatively to the human data they 

would need to emulate. In vitro human physiological models have the potential to help 

bridge this gap and to greatly increase the safety and decrease the cost of drug development 

by complementing animal studies during the preclinical phases of drug development. 

Furthermore, from a basic science standpoint, systematically studying and manipulating 

NMJs in vivo presents an enormous technical challenge. Robust in vitro human tissue 

systems would allow for controllable and systematic exploration of NMJ formation, 

maturation and response to toxic agents and drugs.

An important stepping stone for the development of human in vitro systems over the past 

decade has been the development of protocols for the differentiation of human stem cell 

lines into multiple cell types such as cardiomyocytes [12–14], hepatocytes [15,16], skeletal 

myocytes [17,18], and motoneurons [19–21], among others. The ability to genetically 

reprogram easily obtainable adult cells such as skin fibroblasts into induced pluripotent stem 
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cells (iPSCs) through the induction of transcription factors [22,23] has opened the door to 

the development of donor-specific in vitro models, including the genetic disease models. For 

instance, recent studies have successfully created iPSC cell lines from patients with SMA 

[24–26] and ALS [27–32] and subsequently differentiated these cells into motoneurons, 

providing a human platform for disease modeling and drug screening in two diseases that 

have historically lacked treatment options.

Here, we review the development of in vitro NMJ models, starting from the organotypic and 

co-culture systems that have been initially created, and progressing to the later and more 

sophisticated microfluidic and tissue-engineered models, with a focus on human systems for 

personalized medicine and disease modeling. We then highlight the progress made towards 

developing robust, reproducible and quantifiable systems and their potential for use in 

predictive drug screening and development.

2. HEALTHY in vitro NMJ MODELS

The first step of mimicking NMJ development and functionality in vitro is the establishment 

of healthy NMJ models. These models allow for mechanistic studies of NMJ formation and 

maturation, aging, toxins and antitoxins, and drug effects. Furthermore, they lay the 

foundation for the development of disease models. In this section we summarize the 

advances made in healthy NMJ models, starting from traditional 2D cultures of different cell 

types (Table 1) to advanced culture systems (Table 2).

2. 1 Co-culture in vitro NMJ models

The very first in vitro NMJ models consisted of organotypic cultures of neuromuscular 

junctions generated from explanted cells. In 1972, Peterson et al. cultured adult rodent and 

human skeletal fibers with fetal rodent spinal cord explant, and demonstrated for the first 

time that innervation was necessary for muscle regeneration [33].

The next step in the development of in vitro NMJs models was the cultivation of isolated 

motoneurons and skeletal muscle, which allowed for a better control of the cultures. Das et 
al. [34] used rat embryonic neurons and rat primary muscle to establish a long-term co-

culture in a serum-free system, demonstrating myotube maturation by expression of neonatal 

myosin heavy chain. In these studies, the formation of NMJs was demonstrated through 

immunocytochemistry, but no functional tests were performed.

A major step towards the development of human in vitro NMJ models was the incorporation 

of stem cell-derived components into the co-cultures, to eliminate the need for repeated 

harvesting of primary cells. The first stem-cell models used the cells of murine origin, 

allowing for direct comparisons between NMJs formed from primary cells and those derived 

from stem cells. In 2014, Chipman et al. used co-cultures of murine embryonic stem cell 

(ESC)-derived motoneurons (MN) and primary chick myotubes to study the role of the 

neural cell adhesion molecule (NCAM) in NMJs maturation [35]. They recorded 

spontaneous action potentials in the myotubes that stopped upon blockage of the NMJs. 

Their model was able to replicate the structural and functional deficits presented in NCAM
−/− mice. Furthermore, their results showed that chronic treatment with a synaptic vesicle 

Vila et al. Page 3

Expert Opin Drug Discov. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



blocker improved synapse formation and function in the NCAM deficient cultures, 

demonstrating the potential of their model to test new therapeutic strategies. Importantly, 

these animal stem cell-derived models demonstrated the feasibility of the approach, leading 

the way for future human stem cell-derived models.

In 2005, Li et al. reported a new method for differentiation of human embryonic stem cells 

into motoneurons with capacity to form NMJs when co-cultured with the murine C2C12 

myoblast cell line [36]. However, the validation of these NMJs was limited to 

immunocytochemistry and visualization of spontaneous contractions in the myotubes 

cultured with motoneurons, which could happen by other mechanisms other than NMJ 

formation. In 2010, Guo et al successfully demonstrated NMJ function in a co-culture 

between human spinal cord stem cell-derived motoneurons and rat skeletal muscle in a 

chemically defined culture system. Formation of NMJs was confirmed with the staining of 

AChR clusters, and NMJ function was demonstrated by MN stimulation with glutamate in 

the presence or absence of an AChR antagonist [37]. Mammalian NMJs, unlike insect 

NMJs, are cholinergic synapses, not glutaminergic; meaning that glutamate is not able 

induce muscle contractions by direct stimulation of the myotubes. Instead, the 

neurotransmitter glutamate is used here to trigger an action potential by depolarizing the 

MNs. As a result, if functional NMJs are present, ACh is released to the synaptic cleft and 

reaches the muscle AChRs to induce contraction.

The following year, the same team reported the first entirely human NMJ model, using 

motoneurons derived from spinal cord stem cells and primary skeletal myoblasts seeded on 

to a patterned non-biological surface. The NMJs characterized by immunocytochemistry and 

video analysis of motoneuron-induced muscle contractions showed that spontaneous 

contractions stopped upon treatment with an NMJ antagonist [38].

Finally, in 2015, Demestre et al. reported an NMJ model where both motoneurons and 

myotubes were derived from human iPSCs. However, the formation of NMJs was validated 

only by immunocytochemistry, and no functional assay was performed[39].

2.2 Advanced in vitro NMJ models

When engineering a predictive pre-clinical drug testing platform, it is crucial for the cells to 

endure long-term culture and reach maturity. However, the platform should also mimic the in 
vivo mechanical and biochemical environment and allow for relevant measurements. Due to 

these reasons, advanced culture systems have a number of advantages over traditional 

monolayer cultures. The development of more sophisticated models of NMJs has largely 

occurred along three axes: (i) microfluidics for compartmentalization, (ii) tissue engineering 

for better physiologic recapitulation, and (iii) optogenetics as a vector for controlled 

actuation of the NMJ (Fig.1).

2.2.1 Microfluidics—Compartmentalization is of special interest when modeling NMJs 

since they involve two cell types residing in very different environments in the body. By 

isolating the motoneuron and muscle cultures, allowing only the axons to grow into the 

muscle compartment, it is possible to tightly control culture conditions as well as stimulation 

of both cell types.

Vila et al. Page 4

Expert Opin Drug Discov. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The first compartmentalized culture systems for neuronal cultures were the Campenot 

chambers, consisting of a Teflon divider attached to a glass coverslip [40]. These chambers 

have been used to study NMJs using mouse primary cells [41,42] but they were very tedious 

to manufacture. Microfluidic chambers manufactured from polydimethylsiloxane (PDMS) 

provide a modern alternative for the design and fabrication of custom-designed 

compartmentalized culture systems. Their small size makes microfluidic devices are ideal 

for high throughput analysis since they require small number of cells and culture reagents.

The first NMJ models that used microfluidics were reported in 2013 by Southam et al. 
[43]and Park et al.[44]. Both systems consisted of two chambers separated by an array of 

microchannels and supported the rat primary [43] and mouse ESC-derived motoneurons [44] 

to extend axons through the microchannels and innervate muscle cells. This process of axon 

extension mimics the physiologic process of NMJ formation and maturation in vivo.

Zahavi et al. demonstrated the relevance of compartmentalized cultures not just for NMJ 

formation but also for the study of NMJ biology, by using a similar microfluidic system to 

investigate the differential spatial effects of glial-derived growth factor (GDNF), and show 

that they facilitate the growth and muscle innervation at the axon terminals, but not at the 

soma [45].

The relevance of compartmentalization was further emphasized in 2018, when Santhanam et 
al. reported the first all-human NMJ microfluidic model. In addition to its all-human 

biology, the platform was designed to provide electrical stimulation of motoneurons without 

affecting the muscle compartment [46] (Fig. 1, top panel). This feature allowed for the first-

ever selective electrical activation of motoneurons while without simultaneous stimulation of 

the muscle, thereby avoiding any interference with the measurement of muscle contraction 

as a proxy for NMJ function. Using this capability, the authors demonstrated dose-dependent 

responses to pre- and post-synaptic inhibitors.

2.2.2 Tissue-Engineered models—Tissue engineering aims to grow cells in 

architectures that recapitulates human physiology by incorporating extracellular matrices in 

form of three-dimensional scaffolds. One of the more common problems faced when trying 

to culture NMJs is the detachment of skeletal myotubes after fusion. To solve this problem, 

and to help with alignment, some models incorporated patterned substrates [47] or 

electrospun fibers in their monolayer cultures [48], resulting in better survival, increased 

fusion and formation of larger NMJs.

A more sophisticated solution is the growth of myoblasts as microtissues attached to pillars 

or wires. The resulting uniaxial mechanical tension improved not only cell alignment, but 

also cell attachment, fusion, and maturation, as has been shown in skeletal [49–51] and 

cardiac [52,53] tissue-engineered models.

Morimoto et al. used PDMS stamps and Matrigel to generate free-standing muscle bundles 

derived from murine C2C12 cells attached to glass only in their extremes. They later 

immobilized neurospheres composed from murine neural stem cells atop of muscle bundles 

and induced differentiation to motoneurons to promote the formation of NMJs. Their 
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platform included cantilevers that bent with muscle contractions, allowing for the 

measurement of muscle force as a function of cantilever displacement [54].

Smith et al. used a similar system to establish 3D cultures primary rat myocytes and 

motoneurons. Their co-cultures showed increased expression of muscle and NMJ maturation 

markers when compared to muscle cultures only [55], recapitulating the results showed by 

Peterson in the first organotypic NMJ cultures [33]. A slightly different approach was used 

by Smith et al. to grow skeletal tissues on top of individual cantilevers that bent upon muscle 

contraction. Cantilever deflection was measured using a laser photodetector, allowing for 

easy quantification of the muscle responses [56].

Afshar Bakooshli et al. recently reported a human tissue-engineered NMJ model consisting 

of primary myoblast-derived skeletal muscle tissue surrounded by iPSC-derived motoneuron 

spheroids [57] (Fig. 1, middle panel). As seen in the murine NMJ systems, the presence of 

motoneurons improved maturation of the muscle tissue. Furthermore, they demonstrated that 

their tissue-engineered NMJ model achieved greater levels of maturity than a co-culture of 

the same cell types, by showing replacement of the embryonic AChR gamma subunit with 

the adult epsilon subunit and greater enrichment of laminin β2 at the AChR clusters.

2.2.3 Optogenetics—Several investigators have explored alternative, optically based 

methods to create controllable NMJs. Electrical stimulation has classically been used for the 

controlled stimulation of excitable cell types but cannot easily target only the specific cell 

types in culture - such as motoneurons - without affecting muscle cells. An elegant solution 

to this problem can be achieved through the use of optogenetics, defined as the creation of 

transgenic cell lines expressing light-actuated proteins. ChR2 is a light-activated ion channel 

that opens upon stimulation with blue light, allowing for the precise spatial-temporal control 

of neural activation in neurons expressing this protein [58]. With the aim to achieve a 

controllable NMJ model, Steinbeck et al. combined human ESC-derived motoneurons 

expressing the optogenetic protein channelrhodopsin-2 (ChR2) with non-optogenetic 

skeletal myotubes in a co-culture system. The resulting muscle contractions in response to 

photostimulation of the motoneurons provided concrete evidence of controllable NMJ 

function. The authors used their system to model MG and showed the ability to detect a 

reduction in light responsiveness in their disease samples. However, due to the disorganized 

nature of their 2D co-culture, this quantification was based on the recording of random 

optical fields, hindering reproducibility and automatization [59] (Fig. 1, bottom panel).

2.2.4 Mixed in vitro NMJ models—Microfluidic systems allow for compartmentalized 

culture of different cell types, as well as close control of culture conditions and 

manipulation, improving reproducibility and making them ideal for high throughput studies. 

Tissue engineered models, on the other hand, more closely resemble physiological 

conditions and achieve greater levels of maturity. They also make it easy to detect muscle 

contraction and even quantify muscle force as a function of pillar displacement. A few 

studies in the past years have combined the best of both worlds to grow mouse [60] or 

human [61,62] three-dimensional skeletal muscle microtissues inside a microfluidic 

platform. Furthermore, they incorporated optogenetic motoneurons to allow for the precise 

activation of the NMJs.
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In our studies, a custom-made optical stimulation platform was developed in conjunction 

with custom video processing software for the automated, high-throughput, quantitative 

evaluation of NMJ function in a human system comprised of skeletal tissues and 

motoneurons derived from the same donor. While some of studies use average muscle force 

as a proxy to measure NMJ function [61], the fatigable nature of the NMJ and the skeletal 

muscle makes force a potentially noisy parameter to work with, since it can be affected by 

factors other than neurotransmission efficiency. Instead, we use a scoring system based 

muscle responsiveness to a series of stimuli at increasing frequencies, which takes into 

account the presence of muscle contraction but not its force. Using this system, we were able 

to detect functional changes in response to NMJ maturation, pharmacological intervention 

and disease [62].

3. In vitro NMJ MODELS OF DISEASE

Since in vitro NMJ models have only recently attained the necessary levels of sophistication 

and reliability, few teams have ventured into the realm of disease modeling. However, these 

initial reports demonstrate the potential of human in vitro systems for the study of 

neuromuscular diseases (Table 2).

Myasthenia gravis is the most common disorder of neuromuscular transmission. It is an 

autoimmune condition caused by autoantibodies that bind the AChR or associated proteins 

in the NMJ, resulting in their destruction through complement-induced damage and receptor 

endocytosis [63]. Impairment of NMJ function results in muscular weakness of different 

severities. MG is estimated to affect 15 to 200 per million people, with an incidence of 2–22 

new diagnoses per million people each year [64]. Due to its autoimmune nature, the 

myasthenic phenotype can be recapitulated in these in vitro models by simply adding patient 

serum to the system. Steinbeck et al. [59] were the first to do this, using an optogenetic 

monolayer coculture system. Their results show reduced light responsiveness after treatment 

with immunoglobulins G (IgG) from MG patients and serum containing complement. 

Normal function was recovered after washing of the MG IgG, recapitulating the therapeutic 

effect of plasmapheresis during myasthenic crises. Afshar Bakooshli et al. [57] also 

incorporated MG IgGs in their tissue-engineered model, showing localized deposition of 

complement on NMJs. Our group [62] has recently reported the use of an automated optical 

stimulation system to demonstrate that in vitro NMJ models responded heterogeneously to 

serum from different patients, recapitulating the known variability in phenotype severity.

While less common, the various genetic NMJ diseases further showcase the capabilities of 

human iPSC-derived in vitro models, which recapitulate the genotype of the patient from 

whom the iPSCs are derived from. So far, no model has incorporated both skeletal muscle 

and motoneurons derived from a patient.

In 2015, Yoshida et al. [65] showed that by incorporating human SMA motoneurons in 

conjunction with healthy murine muscle in their microfluidic system, they achieved a 

diseased phenotype characterized by deficient AChR clustering. Treatment with valproic 

acid (VPA) and an antisense oligonucleotide rescued the healthy phenotype. However, no 

Vila et al. Page 7

Expert Opin Drug Discov. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



functional testing was performed, and their observations were based on 

immunocytochemistry analysis only.

In 2018, Osaki et al. reported an ALS-on-a-chip model that incorporates ALS motoneurons 

in conjunction with healthy human muscle in a microfluidic system [61]. Their system 

allowed for 3D culture and incorporates optogenetics for easily activation of the NMJ. Their 

results show that the NMJ formed by the ALS motoneurons presented a diseased phenotype 

characterized by increased presence of caspase3/7-positive cells and reduced muscle force 

generation. Furthermore, treatment with rapamycin, an immunosuppressant, or a 

combination of rapamycin and bosutinib, a drug developed for the treatment of chronic 

myelogenous leukemia, increased the contraction force and decreasing caspase activity in 

the treated motor units. They also demonstrated the excitotoxicity of excess of glutamic acid 

(5mM) in the human motor units, widely recognized as one of the major pathways 

contributing to ALS pathogenesis [66,67].

4. In vitro NMJ MODELS FOR DRUG TESTING

One of the main advantages of advanced human in vitro models is in the potential for their 

use as an adjunct to animal studies to better prescreen drugs for clinical trials, which could 

greatly reduce the high costs associated with drug development. The physiology of the NMJ 

is very well known as drugs that affect its function at different molecular levels are very well 

characterized. As such, most of the drug testing performed so far in human in vitro NMJs 

has focused on model validation using known drugs (Table 3).

4.1 Presynaptic blockers

Presynaptic blockers are drugs that act on the neuronal side of the neuromuscular junction, 

preventing initiation of synaptic neurotransmission. This category includes ion channel 

blockers that prevent the propagation of the action potential through the axon, drugs that 

interfere with ACh recycling, and drugs that prevent ACh from reaching its receptors.

Tetrodotoxin (TTX) is a potent neurotoxin found in multiple aquatic animals, such as the 

pufferfish, that causes muscle paralysis. TTX is a voltage-gated sodium channel antagonist 

that inhibits the nerve action potentials. Charoensook et al. showed that treatment with TTX 

suppressed the beneficial effects of electrical stimulation in the maturation of skeletal 

myotubes and motoneurons in their coculture system [68]. Chipman et al., on the other hand, 

used TTX to show that the spontaneous contractions in their motoneuron-muscle cultures 

were driven by neural action potentials [35].

In terms of acetylcholine recycling, Charoensook and colleagues demonstrated the dose-

dependent effect of various drugs that alter ACh recycling such as vesamicol, that inhibits 

the vesicular ACh transporter, acetylethylcholine mustard hydrochloride, that inhibits the 

choline acetyltransferase, and neostigmine an ACh esterase inhibitor, demonstrating the 

potential of their model to be used in pharmacological screening [68]. Steinbeck et al. also 

used an ACh esterase inhibitor, pyridostigmine, to improve NMJ function in their 

optogenetic MG model [59].
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Chipman et al. [35] studied the role of a synapse vesicle inhibitor, dynasore, in their NMJ 

model. Dynasore inhibits dynamin, a GTPase essential to endocytic function [69]. Their 

results showed that dynasore treatment blocked activity-dependent endocytosis in their 

healthy but not in cultures lacking NCAM, suggesting that NCAM has role in synaptic 

vesicle endocytosis. Further, this demonstrated that their stem cell-based NMJ model 

respond to pharmacological interventions in an analogous manner to primary cell-based and 

animal models. Similarly, ω−Agatoxin IVA (ATX) is a toxin present in the venom of various 

spiders that blocks the voltage-gated CaV2.1 calcium channels of presynaptic terminals. 

Chipman et al. showed that treatment with ATX inhibited the activity-dependent endocytosis 

in their NMJ co-culture system [35].

Finally, botulinum neurotoxin (BoNT) is a neurotoxic protein produced by the bacterium 

Clostridium botulinum. This toxin prevents the fusion of ACh vesicles to the membrane, 

thus stopping their release [70]. Charoensook et al. and Santhanam et al. performed dose 

response-curves to BoNT in human co-culture NMJ models [46,68]. Their results showed 

that BoNT was able to block NMJ function at much lower concentrations that those used by 

the current methods for evaluation of botulinum toxin preparations, consisting on lethal dose 

assays in mice [71]. Thus, in vitro NMJ could be a better alternative to these methods. 

Afshar Bakooshli et al. also showed decreased NMJ function in their human tissue 

engineered system after BoNT treatment [57]. We note the absence of some commonly used 

presynaptic drugs, such as 3,4-diaminpyridine (3,4-DAP) from these drug assays.

4.2 Postsynaptic blockers

Postsynaptic blockers bind to the AChR in the myoblast membrane, thus preventing their 

binding to ACh and subsequent activation.

Tubocurarine chloride pentahydrate, a toxic alkaloid and muscle relaxant that was used with 

anesthetics in the mids-1900s, is one of the postsynaptic blockers most commonly used in 

NMJ studies. Treatment with tubocurarine has been shown to dim or stop both spontaneous 

[38] and glutamate-induced [35] contractions in motoneuron-muscle co-cultures, as well as 

in mouse microfluidics [54] and human [57] tissue-engineered systems. Smith et al. also 

showed that tubocurarine was able to block the glutamate-induced contractions in their 

cantilever system [56]. In addition to these qualitative studies, a dose-response curve 

performed in a compartmentalized microfluidic system demonstrated an IC50 in agreement 

with reported results for human AChRs [72,73].

Alpha-bungarotoxin (BTX), a 74-amino acid polypeptide purified from the venom of the 

snake Bungarus multicinctus originally found in Taiwan [74], is another postsynaptic 

blocker frequently used to validate NMJ models. Santhanam et al. showed a dose-response 

curve to BTX treatment in their microfluidic NMJ system [46] whereas Uzel et al., and Vila 

et al. showed its ability to irreversibly stop both spontaneous and light-induced contractions 

in their mouse [60] and human [62] optogenetic NMJ models.

Finally, Waglerin-1 (WTX) is a peptide that selectively binds and blocks the epsilon subunit 

of the muscle AChR [75], characteristic of adult NJMs. Afshar Bakooshli et al. showed that 
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their 3D model, but not a traditional co-culture, was affected by WTX treatment, suggesting 

the presence of adult-like AChR in at least a fraction of their engineered NMJs [57].

4.3 Drug discovery

The validation summarized above was a necessary preliminary step to show that these in 
vitro models can recapitulate the drug responses we see in patients. However, the end goal 

has always been drug discovery. While most studies have focused on model validation, 

Osaki et al. [61] were the first group to go a step further than the previous studies, using an 

ALS-on-a-chip system to test two drug candidates for the first time: rapamycin and 

bosutinib.

Rapamycin is a macrolide compound originally developed as an immunosuppressant that 

has shown beneficial effects in several ALS cell lines and animal models, and is currently 

being tested in a phase 2 clinical trial [76]. Rapamycin accelerates the removal of abnormal 

accumulation of aggregated proteins [77]. Osaki et al. showed that rapamycin has a 

neuroprotective effect in their ALS-on-a-chip model, increasing muscle contraction force, 

reducing the expression of caspase 3/7 positive cells, and reducing the missed muscle 

contractions in response to optical stimulation of the motoneurons [61].

Bosutinib is an ALS drug candidate currently undergoing a phase 1 clinical trial [78]. Using 

bosutinib in combination with rapamycin resulted in a further reduction of caspase3/7-

positive cells and fewer missed contractions when compared to tissues treated with 

rapamycin alone. Osaki et al. also studied the ability of rapamycin and bosutinib to penetrate 

an endothelial barrier that emulates the effect of the blood-brain barrier. Their results show 

that while the endothelial barrier had a dimming effect on the drug effectiveness, the drug 

was still able to diffuse through the barrier and achieve therapeutic effect.

This study represents the first application of a human in vitro NMJ model to drug discovery, 

highlighting the potential of these systems to improve the drug discovery pipeline.

5. CONCLUSION

Over the past several years, numerous in vitro NMJ models have been reported, achieving 

unprecedented levels of complexity. On the one hand, advances in the derivation and 

differentiation of stem cells has led to the development of single-donor human models, 

allowing for genetic disease modeling and the potential for personalized medicine 

applications down the line. On the other hand, technologies such as microfluidics, tissue 

engineering, optogenetics and video processing have made these systems more 

representative of human physiology and easier to control and evaluate. Together, these 

advances have facilitated the development of the first quantitative systems for drug testing in 

both healthy and diseased human in vitro NMJ models, demonstrating the great potential of 

these systems to improve the drug discovery process.
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6. EXPERT OPINION

While important steps have been taken in recent years towards the establishment of human, 

patient-specific NMJ models, further efforts are required to achieve the levels of 

reproducibility and maturity required for predictive high throughput drug screening. The 

ability to derive multiple cell types for iPSCs has opened a wide range of possibilities in 

terms of personalized medicine and disease modeling, but the maturity of the generated cells 

is a concern, especially when aiming to model neurodegenerative diseases. While advanced 

tissue engineered models have demonstrated the ability to form mature NMJ, evidenced by 

the switch from embryonic gamma AChR subunits to adult epsilon subunits, this switch 

occurs only in a fraction of the synapses, suggesting that further maturation is necessary to 

achieve adult-like synapses.

Furthermore, the human NMJ is a complex system that incorporates multiple cell types. For 

the most part, current NMJs models use a simplified model where only skeletal cells and 

motoneurons are present. However, it has been demonstrated that the presence of glial cells 

is necessary for the formation of mature NMJs [79]. Further efforts to incorporate other cell 

types such as Schwann cells will result in more realistic models that more closely resemble 

the human NMJs. This is especially relevant for disease modeling of pathologies that affect 

these cell types, such as Charcot-Marie-Tooth disease.

Finally, clinical trials fail not only due to the insufficient on-target effects, but also due to 

unforeseen off-target effects. Regardless of the target tissue, drug recalls are largely due to 

cardiotoxicity, hepatotoxicity and drug-drug interactions [80]. Most of these off-target 

effects are only detected after causing patient death, such as in the case of cisapride, which 

had unintended interactions with K+ channels in the heart, leading to acquired long-QT 

syndrome and sudden cardiac death from arrhythmias. These off-target effects are equally 

important in determining the utility of drugs in clinical trials. The current iterations of 

human in vitro NMJ models are all organ-specific. However, the next generation of body-on-

a-chip technology promises to recapitulate large swathes of human (patho)physiology in a 

dish to test for not only the curative effects in target tissues, but also for potential side effects 

in other tissues [81,82].

Despite of these challenges, the continuous advances in stem cell technology, fabrication and 

3D printing, and gene editing, predict a great future for the human in vitro models of NMJ. 

It is not difficult to envision a future where complex NMJ models not only incorporate glial 

cells but also interneurons and sensory neurons, and are interconnected with other tissue 

models to allow for cross-talk and the study of off-target effects of therapeutic treatments. 

Systems as such will tremendously increase the power of preclinical testing, reducing the 

need of animal and clinical studies, and improving the drug development pipeline yield.
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Highlight box

• Neuromuscular junctions are affected in several neurodegenerative and 

neuroimmunological diseases for which there are currently very few treatment 

options.

• In vitro models allow for systematic manipulation and testing of human 

systems.

• Recent advances in stem cell technology, fabrication and tissue engineering 

have allowed for the development of in vitro NMJ models that recapitulate 

human physiology.

• Incorporation of novel techniques such as optogenetics and automated optical 

stimulation and sensing allows for precise control and evaluation of NMJ 

function.

• These models can be derived from patient cells for personalize medicine and 

human disease modeling.

• The combination of all these advances will allow for the generation of high-

throughput systems for novel drug screening and development.
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Figure 1. Examples of Advanced NMJ In vitro Models.
(A) Microfluidic system, Adapted from Santhanam et al., 2018 [46] with permission. Co-

culture chip with separate populations of motoneurons and skeletal muscle connected 

through micro-tunnels. A microscope was used to image the co-culture and detect skeletal 

muscle contractions upon electrical stimulation. Stimulation is provided by two silver 

electrodes dipped into the bath of either chamber. Electrical pulses on the motoneuron-side 

evoked action potentials that traveled down the axons to the neuromuscular junction. (B) 

Tissue-engineered model, Reproduced from Afshar et al., 2019 [57]. 3D skeletal muscle-

motor neuron (MN) co-culture at two weeks of culture. Neuromuscular tissue outlined with 

red dashed line in left panel. Region outlined in green box is magnified in the image to the 

immediate right. Red dashed lines in center panel outline motor neuron clusters. Right panel 

shows a representative confocal image of a two-week old neuromuscular co-culture 
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immunostained for sarcomeric α-actinin (SAA; green), α-bungarotoxin (BTX; magenta), 

and neurofilament heavy SMI-32 (red). AChR clusters co-localized with neurites are 

outlined with yellow boxes. Scale bars, 2 mm (left panel) and 200 μm (center and right 

panels) (C) Mixed NMJ model, Reproduced from Vila et al., 2019 [62]. The microfluidic 

platform features channels for compartmentalized cultured, and pillars for tissue formation. 

Neurites extend from optogenetic a motoneuron neurosphere to innervate a skeletal 

microtissue. Bottom row shows confocal images showing innervation of the skeletal micro 

tissues and muscle striation after 10 (left) and 20 days in co-culture (right) (green = ChR2-

YFP, red = α-actinin, blue = DAPI). Scale bars: 1mm (top center), 500 μm (top left), 100 μm 

(bottom).
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Table 1.

Overview of the in vitro co-culture models of NMJ and their use for drug testing.

Muscle source Neuron 
source Achievement Validation of 

NMJ function
Disease 
model Drug testing Ref

Rat/mouse Rat/mouse First in vitro NMJs No No No Peterson et al., 1972 
[33]

Rat Rat long-term culture, 
defined system

No No No Das et al., 2010 [34]

Mouse ESCs Chicken stem cell derived Drug response No ATX,TC, 
dynasore, 

nifedipine, TTX

Chipman et al, 2014 
[35]

Mouse, 
transdifferentiated 

fibroblasts

Mouse ESCs electrical stimulation Glutamate 
Stim, drug 
response

No BoNT, 
neostigmine, 
MEChMAz, 

TTX, vesamicol

Charoensook et al., 
2017 [68]

Mouse C2C12 Human ESCs human MN No No No Li et al., 2005 [36]

Rat Human 
spinal cord 
stem cells

human MN, defined 
system

Glutamate 
Stim, drug 
response

No TC Guo et al., 2010 [37]

Human Human 
spinal cord 
stem cells

patterned surface for 
myotube alignment

Drug response No TC Guo et al., 2011[38]

Mouse C2C12 Human 
iPSCs

First disease NMJ 
model

No SMA VPA, ASO Yoshida et al., 2015 
[65]

Human iPSCs Human 
iPSCs

all iPSC-derived No No No Demestre et al., 2015 
[39]

ASO: antisense oligonucleotides, ATX: Agatoxin, BoNT: Botulinum toxin, TC: Tubocurarine, ESC: embryonic stem cells, MEChMAz: 
Acetylethylcholine mustard hydrochloride, iPSCs: induced pluripotent stem cells, TTX: Tetrodotoxin., VPA: valproic acid.
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Table 2.

Overview of the advanced in vitro models of NMJ and their applications for drug testing and disease 

modeling.

Muscle 
source

Neuron 
source

Special features Validation of NMJ 
function

Disease 
model

Drug testing Ref

Rat Rat Compartmentalized, glial 
cells

No No No Southam et al., 2013 
[43]

Mouse 
C2C12

Mouse Compartmentalized No No No Park et al., 2013 [44]

Mouse Mouse Compartmentalized Glutamate 
stimulation, drug 

response

No TTX Zahavi et al., 2015 [45]

Human human NSC, 
iPSCs

Compartmentalized, 
BioMEMs

Electrical 
stimulation, drug 

response

No TC, BoNT, 
BTX

Santhanam et al., 2018 
[46]

Mouse 
C2C12

Mouse, 
ESCs

3D skeletal tissue, 
cantilevers

Glutamate 
stimulation, drug 

response

No TC Morimoto et al., 2013 
[54]

Rat Rat Cantilevers, photodetector Glutamate 
stimulation, drug 

response

No TC Smith et al., 2013 [56]

Human Human 
ESCs

3D culture Glutamate 
stimulation

MG TC, BoT, WTX Afshar Bakooshli et al., 
2019 [57]

Human Human 
ESCs

Optogenetic Optical stimulation MG PYR Steinbeck et al., 2016 
[59]

Mouse 
C2C12

Mouse ESCs Compartmentalized, 3D, 
optogenetic

Optical stimulation, 
drug response

No BTX Uzel et al., 2016 [60]

Human Human 
iPSCs

Compartmentalized, 3D, 
optogenetic, automated

Optical stimulation, 
drug response

MG BTX Vila et al., 2019 [62]

Human 
iPSCs

Human 
iPSCs

Compartmentalized, 
optogenetic

Optical stimulation, 
drug response

ALS BTX, 
rapamycin, 
bosutinib

Osaki et al., 2018 [61]

ALS: amyotrophic lateral sclerosis, ATX: Agatoxin, BoNT: Botulinum toxin, TC: Tubocurarine, ESC: embryonic stem cells, iPSCs: induced 
pluripotent stem cells, MG: myasthenia gravis, NSC: Neural stem cells, PYR: pyridostigmine; TTX: Tetrodotoxin.
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Table 3.

In vitro models of NMJ for drug testing

Drug Role Refs

Tetrodotoxin (TTX) Sodium channel blocker Zahavi et al., 2015 [45]; Charoensook et al., 2017 [68]; Chipman et al., 
2014 [35]

Nifedipine Calcium channel blocker Chipman et al., 2014 [35]

Acetylethylcholine mustard 
hydrochloride

Choline acteyltransferase 
inhibitor

Charoensook et al., 2017 [68]

Neostigmine ACh esterase inhibitor Charoensook et al., 2017 [68]

Pyridostigmine (PYR) ACh esterase inhibitor Steinbeck et al., 2016 [59]

Vesamicol ACh transporter inhibitor Charoensook et al., 2017 [68]

Dynasore Endocytosis inhibitor Chipman et al., 2014 [35]

Agatoxin (ATX) Calcium channel blocker Chipman et al., 2014 [35]

Botulinum neurotoxin A 
(BoNT)

ACh vesicle fusion inhibitor Charoensook et al., 2017 [68]; Santhanam et al., 2018 [46]; Afshar 
Bakooshli et al., 2019 [57]

Tubocurarine (TC) AChR antagonist Guo et al., 2010 [37]; Guo et al., 2011 [38]; Morimoto et al.,2013 [54]; 
Smith et al., 2013 [56]; Chipman et al., 2014 [35]
Asfhar Bakooshli et al., 2019 [57].

Bungarotoxin (BTX) AChR antagonist Santhanam et al., 2018 [46]; Uzel et al., 2016 [60]; Osaki et al., 2018 
[61]; Vila et al., 2019 [62]

Waglerin-1 (WTX) AChR epsilon subunit blocker Asfhar Bakooshli et al., 2019 [57].

Valproic Acid (VPA) Yoshida et al., 2015 [65].

Phosphorodiamidate morpholino Antisense oligonucleotide Yoshida et al., 2015 [65].

Rapamycin neuroprotective drug Osaki et al., 2018 [61].

Bosutinib neuroprotective drug Osaki et al., 2018 [61].

ACh: acetylcholine
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