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Abstract 

Engineered skeletal muscle tissues are critical tools for disease modeling, drug screening, and 

regenerative medicine, but are limited by insufficient maturation. Because innervation is a 

critical regulator of skeletal muscle development and regeneration in vivo, motor neurons are 

hypothesized to improve the maturity of engineered skeletal muscle tissues. Although motor 

neurons have been added to pre-engineered muscle constructs, the impact of motor neurons 

added prior to the onset of muscle differentiation has not been evaluated. In this study, benchtop 

fabrication equipment was used to facilely fabricate chambers for engineering 3-dimensional (3-

D) skeletal muscles bundles and measuring their contractile performance. Primary chick 

myoblasts were embedded in an extracellular matrix hydrogel solution and differentiated into 

engineered muscle bundles, with or without the addition of human induced pluripotent stem cell 

(hiPSC)-derived motor neurons. Muscle bundles differentiated with motor neurons had neurites 

distributed throughout their volume and a higher myogenic index compared to muscle bundles 

without motor neurons. Innervated muscle bundles also generated significantly higher twitch and 

tetanus forces in response to electrical field stimulation after one and two weeks of 

differentiation compared to non-innervated muscle bundles cultured with or without neurotrophic 

factors. Non-innervated muscle bundles also experienced a decline in rise and fall times as the 

culture progressed, whereas innervated muscle bundles and non-innervated muscle bundles with 

neurotrophic factors maintained more consistent rise and fall times. Innervated muscle bundles 

also expressed the highest levels of the genes for slow myosin light chain 3 (MYL3) and 

myoglobin (MB), which are associated with slow twitch fibers. These data suggest that motor 

neuron innervation enhances the structural and functional development of engineered skeletal 

muscle constructs and maintains them in a more oxidative phenotype. 
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Introduction 

Throughout all stages of life, the maturity of skeletal muscle fibers is highly regulated by 

motor neuron input. During embryonic development, muscle progenitors autonomously fuse into 

primary myotubes, but require innervation to form secondary myotubes, which generate most adult 

muscle fibers1, 2. In adult rat, denervated muscle undergoes atrophy and functional decline3 and 

regenerates to a lesser extent after injury4. However, denervated muscle can be recovered by 

reinnervating it with transplanted nerve-muscle-endplate bands3. Age-related muscular atrophy5 

and muscle wasting in many neuromuscular disorders, such as spinal muscular atrophy6, 7, has also 

been attributed to motor neuron degeneration and denervation. Interestingly, neurotrophic factors 

alone, such as brain-derived neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF), and 

glial cell-derived neurotrophic factor (GDNF), have also been shown to rescue denervation-

induced muscle atrophy8, 9, demonstrating the functional importance of neuron-associated 

paracrine signaling on muscle growth.   

Engineered skeletal muscle constructs are critically needed as in vitro disease models and 

as grafts that could be transplanted into patients. However, the maturity of engineered muscle 

tissues remains limited. Because innervation is a key driver of muscle maturation in vivo, 

innervation may also promote maturation of engineered muscle tissues in vitro. In previous studies, 

engineered muscle tissues have been innervated primarily by adding motor neurons to muscle 

constructs after they are differentiated into myotubes in various 2-dimensional (2-D)10-13 or 3-

dimensional (3-D) configurations14-18. In these settings, motor neurons increased the expression of 

genes important for the contractile machinery but had no significant impact on myotube 

formation19 or the amplitude of force generated by the muscle in response to electrical 

stimulation17. Thus, innervation generally had minimal impact on muscle maturation when it was 
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introduced post-myotube differentiation. The effect of innervation introduced at earlier stages of 

muscle differentiation has not been investigated. 

Given the importance of innervation in the early development of endogenous skeletal 

muscle, we hypothesized that skeletal myoblasts would generate more mature muscle constructs 

if they were differentiated into myotubes in the presence of motor neurons. To test this, we first 

developed a method for benchtop fabrication of 3-D muscle bundles and optical measurements of 

force generation. We then engineered innervated and non-innervated muscle bundles from primary 

chick myoblasts with and without human induced pluripotent stem (hiPSC) cell-derived motor 

neurons, respectively. To evaluate the structure and function of the resulting constructs, we 

performed quantitative immunostaining, measured twitch and tetanus forces, and quantified the 

expression of a panel of fast and slow muscle fiber genes. To determine any impacts of 

neurotrophic factors on muscle differentiation, we also cultured non-innervated muscle bundles 

with or without neurotrophic factors. Our results indicate that innervated muscle bundles had 

enhanced structural and functional maturation compared to their non-innervated counterparts and 

expressed higher levels of the myoglobin gene, suggestive of a more oxidative phenotype. 

Neurotrophic factors also induced some improvements in muscle phenotype, but to a lesser extent 

than motor neurons. Thus, introducing motor neurons during muscle differentiation significantly 

improved the structural and functional maturation of engineered muscle tissues, which has 

important implications for understanding mechanisms of muscle development and improving the 

maturity of engineered muscle tissues for in vitro modeling and transplantation. 
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Methods 

Fabrication of 3D Muscle Bundle Devices 

Based on the dimensions established in our previous protocol20, muscle bundle templates 

comprising two 13 x 2 x 1 (length x width x height) mm half-chambers were designed in 

TinkerCAD (Autodesk Inc.). Towards the ends of each half-chamber, the width was flared to 3.5 

mm to improve visualization of the PDMS anchor rods for downstream analysis (Supplemental 

Figure 1A-C). The design was 3-D printed in resin using a CADWorks3D M50 Series digital light 

processing printer (CADWorks3D). Sylgard 184 PDMS was cured within the templates overnight 

at 65°C and carefully removed using the circular end tab and a flat spoon spatula.  

To fabricate the anchor rod layer, a 30W Epilog Mini 24 Laser Engraver (70% speed, 45% 

power, 5000 Hz frequency) was used to engrave 500 μm-wide and 2 mm-long rods from a 0.25 

mm-thick commercial silicone sheet (Rogers HT-6240-0.25) (Supplemental Figure 1D). The cut 

sheet was then plasma treated for ten minutes (Harrick Plasma, PDC-001-HP) and sandwiched 

between the two PDMS half-chambers.  

Devices were reversibly bonded onto the bottom well surfaces of a 6-well plate by treating 

both surfaces for 8 minutes in a UVO Cleaner (Jelight Company Model 342). Devices were stored 

at ambient conditions until the day prior to cell seeding, at which point they were incubated 

overnight in a biosafety cabinet under UV light for sterilization.  

Isolation of Primary Chick Myoblasts 

Thigh muscle tissue from day 10 chick embryos (AA Lab Eggs) was isolated and 

dissociated into myoblasts as previously described12, 21. Briefly, minced muscle was digested with 

1 mg/mL collagenase (Worthington LS004177, Lot 43K144303B). The resulting cell solution 
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underwent two 30-minute pre-plating steps to purify myoblasts. Myoblasts were either expanded 

in T175 flasks in growth medium containing 10% horse serum and 5% chicken serum or 

immediately used for experiments. Cells cultured up to 3 passages were used for experiments. Day 

10 chick embryos are not considered live vertebrate animals and thus not subject to IACUC review. 

Differentiation and culture of hiPSC-derived motor neurons 

Human induced pluripotent stem cell (hiPSC)-derived motor neurons were generated as 

previously described12, 22. Briefly, lymphocytes attained from the NINDS Biorepository at the 

Coriell Institute for Medical Research (ND03231) were previously reprogrammed into hiPSCs 

with the use of episomal vectors containing Oct4, Sox2, Klf4, c-Myc, Lin28, and a p53 shRNA22, 

23. hiPSCs were expanded and maintained in mTeSR media until differentiation. Then, a small 

molecule cocktail that included CHIR99021, DMH1, and SB431542 was incorporated into the 

differentiation media formulation described in the previous section without ACA to generate 

OLIG2-positive motor neuron progenitors. Accutase (Gibco A1110501) was used to detach 

progenitors from the culture surface, which were then re-seeded onto untreated, low-attachment 

polystyrene dishes to induce formation of spheroidal aggregates. Subsequent enrichment of the 

progenitors into functional motor neurons (>90%) occurred over another 16 days with the use of 

a Notch inhibitor (compound E) and activation of Hedgehog signaling (purmorphamine)22, 24. 

Engineering Innervated and Non-Innervated Muscle Bundles 

The muscle bundle chambers of sterilized devices were treated with 1% w/v Pluronic 

solution (diluted from 20% with phosphate buffered saline, Invitrogen P3000MP) for one hour 

prior to seeding chick myoblasts. Then, 1.5 million chick myoblasts were suspended in 32.5 μL of 

growth media and 4 μL of thrombin (50 U/mL in sterile water, Sigma-Aldrich T4648). Another 
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vial of 20 μL growth media, 20 μL fibrinogen (20 mg/mL in growth media, Sigma-Aldrich F8630), 

and 20 μL Matrigel hESC-Qualified Matrix (Corning 354277) was mixed and kept on ice25, 26. The 

myoblast-thrombin solution was then mixed rapidly, taking care to not form bubbles, with the 

fibrinogen solution on ice. 70 μL of solution (~1 million cells) was pipetted into the chamber of 

each device, gelling around the PDMS anchor rod layer within 30 seconds. The hydrogel was then 

allowed to solidify at 37 °C for 30 minutes before growth media supplemented with 1.5 mg/mL of 

aminocaproic acid (ACA, Sigma Aldrich), an anti-fibrinolytic agent, was added to fully submerge 

the muscle bundles.  

After four days of culture in growth media supplemented with ACA, muscle bundle devices 

were detached from the bottoms of the 6-well plate and cultured on a rocker (0.4 Hz) in serum-

free differentiation medium containing ACA, N-2, and B-27 supplements (Gibco, 17502-048 and 

17504-044) to increase nutrient diffusion27. Media was exchanged every other day.  

To generate innervated chick muscle bundles, five motor neuron spheroids were isolated 

manually and partially dissociated by pipetting 20 times through a P1000 and P20 pipette tip, in 

succession. Then, the partially dissociated motor neurons were added to the chick myoblast and 

thrombin solution detailed in the previous section prior to mixing with the fibrinogen solution. 

Following addition of the mixture into the device, the fibrin hydrogel was allowed to solidify at 

37 °C for 30 minutes, and growth media with the addition of 1.5 mg/mL ACA and 10 ng/mL of 

brain-derived neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF), and glial cell 

derived neurotrophic factor (GDNF) were added to submerge bundles. Media was exchanged after 

2 days, and after 4 days in growth media with ACA and neurotrophic factors, media was switched 

to differentiation medium with ACA and neurotrophic factors and cultured on a rocker, as 

described above. Media was then exchanged every other day, with neurotrophic factors removed 
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after one week of differentiation. Select muscle bundles without motor neurons were also cultured 

in media with neurotrophic factors for the same time period as those with motor neurons. 

Structural Characterization 

After one or two weeks of differentiation, muscle bundles were rinsed in phosphate 

buffered saline (PBS) and fixed with ice-cold methanol for 30 minutes at 4°C. After three PBS 

rinses, muscle bundles were incubated in 30% sucrose overnight at 4°C to displace water and 

prevent ice crystal formation during freezing20. Samples were then immersed in optimal cutting 

temperature compound (Sakura Finetek 4583) in 25 x 20 x 5 mm cryomolds and incubated at room 

temperature for 30 minutes. Then, samples were frozen in liquid nitrogen-chilled isopentane for 1 

minute. Frozen myobundles were kept at -80°C until sectioning. A Leica CM3050 S Research 

Cryostat was used to generate 12 μm thick longitudinal sections.  

Select sections were stained for hematoxylin and eosin (H&E) following standard 

protocols. Other sections were incubated in 10% goat serum for 1 hour and then primary antibodies 

for mouse sarcomeric α-actinin (Sigma, A7811) and rabbit synapsin-1 (Cell Signaling Technology, 

D12G5), both at a 1:200 dilution. Secondary staining was performed using goat anti-rabbit 

antibody conjugated to Alexa Fluor 488, goat anti-mouse antibody conjugated to Alexa Fluor 546, 

and DAPI (all 1:200). Confocal microscopy was performed using a Nikon Eclipse Ti microscope 

at 20X air objective with Confocal Module Nikon C2 and Andor Zyla sCMOS camera. 

ImageJ (NIH) was used to analyze images of longitudinal sections. Number of nuclei per 

area was quantified by counting the number of nuclei, as determined by DAPI thresholding, and 

dividing by the area of the myobundle, as determined by the area inside the boundaries of the α-

actinin stain, per field of view. The myogenic index, which represents the proportion of nuclei 
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incorporated into α-actinin positive myotubes, was quantified by dividing the number of nuclei 

colocalized in thresholded α-actinin stains with the total number of nuclei. For innervated 

myobundles, synapsin stain was thresholded to determine the presynapse area. Nuclei in these 

areas were excluded from nuclei density and myogenic index analysis. Lastly, bundle width was 

determined by measuring the maximum distance between the top and bottom of bundles as marked 

by the H&E stain.  

Quantifying Contractile Force  

After one or two weeks of differentiation, muscle bundles were transferred to a 35 mm 

Petri dish, placed on the stage of a Nikon SMZ745T stereomicroscope, and incubated in standard 

Tyrode’s solution, similar to previous protocols12. Platinum field electrodes were inserted into the 

bundle chamber, perpendicular to the muscle bundle. Twitch and tetanus contractions were 

stimulated by a 30 V/cm electrical stimulus at 2 and 20 Hz, respectively. Ten-second videos were 

recorded at 100 frames per second with a Basler acA640-120um USB 3.0 camera. 

ImageJ tools were used to manually trace the angle of deflection (θ) of PDMS rods 

anchoring both sides of the muscle bundle. This angle was used to calculate displacement of the 

PDMS rods, which was then converted to force by referencing a linear standard curve, which was 

created by applying known weights to PDMS rods and measuring the angle of deflection. Time 

dynamics of contractions were analyzed by selecting a rectangular region of interest on the PDMS 

rods and tracking changes in the total pixel intensity of the region over time. Rise and fall times 

were calculated using the risetime and falltime function in MATLAB between the 10% and 90% 

reference level of the waveform.  
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Quantifying Gene Expression with RT-qPCR 

After one or two weeks of differentiation, bundles were removed from their PDMS mold 

and roughly minced with a sterile X-acto knife before being lysed in 1 ml of TRIzol reagent 

(Thermo Fisher Scientific) for 30 minutes on ice. mRNA was extracted through the aqueous layer 

of a TRIzol-chloroform phase separation, and the RNA isolation was performed using a miRNeasy 

kit and protocol (Qiagen). Reverse transcription was used to synthesize cDNA using iScript 

Reverse Transcription Supermix for RT-qPCR kit (Bio-Rad Laboratories). Primers for PCR were 

designed using the National Center for Biotechnology Information (NCBI) Primer Design Tool. 

All primer information is listed in Supplemental Table 1. RT-qPCR was conducted using the 

SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laboratories) with the CFX384 Touch 

Real-Time PCR Detection System (Bio-Rad Laboratories). The generated cycle threshold (Ct) 

values for each target gene were normalized relative to the housekeeping gene ACTB. The fold 

change for each gene was calculated using 2−ΔΔCt28. 

Statistical Analysis 

All data were tested for normality and analyzed using student’s t-test, Mann-Whitney test, 

one-way ANOVA, or two-way ANOVA as appropriate, using GraphPad Prism 8. Comparisons 

with p-values less than 0.05 were considered statistically significant. In figures, * denotes p<0.05, 

** p<0.01, *** p<0.001, **** p<0.0001, unless otherwise noted.  
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Results 

Benchtop Fabrication of Engineered Muscle Bundle Templates 

We first developed a method to fabricate a device for engineering elongated muscle 

bundles with an integrated system for measuring force generation via optical imaging using only 

benchtop equipment. Each device consists of three bonded layers of PDMS (Figure 1A). The top 

and bottom layers are 1 mm thick slabs with 13 mm x 2 mm rectangular voids replica molded from 

3-D printed templates (Figure 1B), similar to our previous approach20. These pieces form the 

chamber that confines the muscle cells and media. The middle layer is a PDMS sheet laser-cut 

with a similar rectangular void and two thin PDMS rectangles (or rods) that extend across the 

width of the rectangle at the longitudinal ends (Figure 1C). The thin PDMS rods are designed to 

anchor the muscle bundle and deflect with contraction for visual tracking. To improve the 

visualization of PDMS rod deflection, we flared the width of the chamber at the longitudinal ends. 

To enable force measurements based on PDMS rod deflection, we hung a series of weights on 

PDMS rods and measured the corresponding displacement to generate a displacement-force 

calibration curve (Figure 1D). 
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Figure 1: Fabrication and calibration of muscle bundle devices. (A) Photograph of 3-D printed 
template for top and bottom pieces of muscle bundle chamber. Scale bar: 5 mm. (B) Photograph 
of top and bottom PDMS components molded from 3-D printed templates. (C) Photograph of top 
and bottom PDMS components and laser-cut PDMS sheet containing the rods to anchor muscle 
bundles. Scale bar: 5 mm. (D) Photograph (left) and calculation (middle) used to generate force-
displacement relationship (right) to calibrate rod displacement to muscle bundle force generation. 
Scale bar: 1 mm. 

To engineer muscle bundles, we bonded the 3-layered PDMS device to the bottom of a 6-

well plate well and injected a solution of fibrin hydrogel pre-polymer and primary chick skeletal 

myoblasts, similar to previous protocols25, 26. To engineer innervated muscle bundles, we added 

clusters of human iPSC-derived motor neurons to the solution. For both types of bundles, cells 

were cultured for four days in growth media, then switched to differentiation media and cultured 

for an additional one or two weeks on a rocking platform. Innervated muscle bundles were also 
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cultured with neurotrophic factors BDNF, CNTF, and GDNF to support motor neuron viability for 

the first week of culture. As expected, the muscle cells compacted around the PDMS rods and 

formed aligned bundles with consistent width over the two-week differentiation period, as 

evaluated by sections stained with H&E (Figure 2A-B). Muscle bundles with hiPSC-derived 

motor neurons were less compact after one week, likely due to steric hindrance from the neuron 

clusters, but eventually compacted to similar levels as the non-innervated bundles (Figure 2A-B). 

Localized clusters of motor neurons were still visible at two weeks, but these did not prevent the 

muscle cells from ultimately compacting into an aligned bundle.  

 

Figure 2: Histology of non-innervated and innervated muscle bundles. (A) Hematoxylin and eosin 
stained muscle bundle sections differentiated with or without hiPSC-derived motor neurons for 
one or two weeks. Yellow dotted circle marks a cluster of neurons. Scale bar: 200 μm. (B) Bundle 
width at weekly timepoints for muscle bundles with and without neurons. 
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Impact of Innervation on Muscle Bundle Structure 

To closely evaluate cell and tissue architecture, we next stained sections of non-innervated 

and innervated muscle bundles after one and two weeks of differentiation with DAPI and 

sarcomeric alpha-actinin (Figure 3A). At two weeks, both non-innervated and innervated bundles 

comprised aligned muscle fibers with well-formed sarcomeres. The number of nuclei per area was 

slightly lower in innervated bundles compared to non-innervated bundles at one week (Figure 

3B), consistent with the lower degree of compaction observed in the H&E staining (Figure 2A). 

However, this difference was not statistically significant and the number of nuclei at week two 

was more similar between non-innervated and innervated bundles (Figure 3B). The myogenic 

index was significantly higher in innervated bundles compared to non-innervated bundles at both 

timepoints (Figure 3C), suggestive of more muscle differentiation with innervation. To evaluate 

motor neuron morphology, we also stained innervated muscle bundles for the pre-synaptic marker 

synapsin and quantified the area of synapsin coverage, which significantly increased from one to 

two weeks (Figure 3D). This suggests that motor neurons were mostly confined to their initial 

clusters after one week, but gradually migrated and extended axons throughout the muscle fibers 

as the culture time progressed, as shown in Figure 3A. However, due to technical challenges 

related to sectioning and immunostaining of the engineered 3-D constructs, we were unable to 

resolve individual neuromuscular junctions and thus cannot confirm formation of synapses.  
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Figure 3: Muscle differentiation in non-innervated and innervated muscle bundles. (A) Muscle 
bundle sections stained with DAPI (blue) and sarcomeric alpha-actinin (red) differentiated with or 
without hiPSC-derived motor neurons for one or two weeks. Bundles with neurons were also 
stained for synapsin (green). In top row, scale bar: 200 μm. In bottom row, scale bar: 50 μm. (B) 
Number of nuclei normalized to area, (C) myogenic index, and (D) synapsin area at weekly 
timepoints for muscle bundles with and without neurons. 
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Impact of Innervation and Neurotrophic Factors on Muscle Bundle Contractility 

Our next goal was to evaluate the impact of hiPSC-derived motor neurons on the contractile 

output of engineered muscle tissues. As mentioned above, for the first week of culture, our 

innervated muscle bundles were cultured with the neurotropic factors BDNF, CTNF, and GDNF 

to support motor neuron viability. However, these neurotropic factors have been previously 

demonstrated to induce myotropic effects on their own, including elevating formation of fast 

twitch fibers, improving denervation-induced decline in contractile forces, and shortening the time 

of contraction9, 29, 30. Thus, we also cultured non-innervated muscle bundles with neurotropic 

factors for the same amount of time (first week of culture) as innervated muscle bundles. After one 

and two weeks of culture, we stimulated twitch or tetanus forces by pacing the engineered bundles 

with a field stimulation electrode at 2 Hz and 20 Hz, respectively. We tracked the deflection of the 

PDMS rods (Figure 4A) and converted maximum displacement to force using our calibration 

curve (Figure 1D). For each batch of engineered tissues, we then normalized all force 

measurements to the average value for non-innervated muscle bundles without neurotrophic 

factors to account for variability in the primary harvest of chick myoblasts. As shown in Figure 

4B and 4C, normalized twitch forces and tetanus forces were significantly higher in innervated 

muscle bundles (Supplemental Movie 1) compared to non-innervated muscle bundles 

(Supplemental Movie 2) at both one- and two-week timepoints. The presence of neurotrophic 

factors had no impact on the normalized magnitude of contraction force (Figure 4B, C). The 

tetanus-to-twitch ratio, which corresponds to muscle maturity, was higher in innervated muscle 

bundles after one week post differentiation, but was not statistically different than non-innervated 

muscle bundles at two weeks post differentiation (Figure 4D).   
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Innervation and neurotrophic factors also impacted the dynamics of twitch contractions. In 

non-innervated muscle bundles without neurotrophic factors, the rise time (Figure 4E) and fall 

time (Figure 4F) decreased close to significantly and significantly, respectively, from one to two 

weeks of differentiation, which is consistent with a loss of slow fibers and/or gain of fast fibers. In 

contrast, bundles cultured with neurotrophic factors, with or without motor neurons, maintained 

more consistent rise and fall times from one to two weeks of differentiation (Figure 4 E,F), 

possibly indicating less remodeling towards a fast, glycolytic phenotype. 
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Figure 4: Electrically stimulated force generation in muscle bundles cultured with or without 
neurotrophic factors (NF) or motor neurons (MN). (A) Frames of an innervated muscle bundle at 
baseline, peak twitch, and peak tetanus. Red dotted lines are for reference. Scale bar: 1 mm. 
Electrically stimulated (B) twitch force, (C) tetanus force, (D) tetanus-to-twitch ratio, (D) twitch 
rise time, and (E) twitch fall time for each type of muscle bundle. 
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Impact of Innervation on Expression of Muscle Type Specification Genes 

Motivated by the differences in rise and fall time observed between muscle bundles, we 

next measured the expression levels of a panel of hallmark fast and slow twitch genes using RT-

qPCR. Because motor neurons were a relatively small component of innervated muscle tissues 

compared to muscle cells, we assumed they did not have a significant impact on the expression 

levels for the genes in our panel, which are also not expected to be expressed by neurons to an 

appreciable extent. At the one-week timepoint, non-innervated muscle bundles without 

neurotrophic factors expressed higher levels of the fast twitch gene myosin heavy chain (MYH1A) 

compared to muscle bundles with neurotrophic factors and motor neurons (Figure 5A). Slow 

myosin light chain 3 (MYL3) was also downregulated in non-innervated bundles with neurotrophic 

factors after one week compared to the other two conditions (Figure 5A). All other genes showed 

similar levels of expression.  

After two weeks of differentiation, we observed a stark increase in the expression of 

myoglobin (MB) by innervated muscle bundles compared to non-innervated muscle bundles. Non-

innervated muscle bundles with neurotrophic factors expressed MB to an intermediate level 

(Figure 5B). Myoglobin is enriched in slow twitch muscle fibers because it stores and supplies 

oxygen and thus supports oxidative phosphorylation31. MYL3 expression similarly increased 

stepwise from non-innervated bundles, to non-innervated bundles with neurotrophic factors, to 

innervated bundles (Figure 5B). A-FTM, encoding alpha-tropomyosin, a gene associated with fast 

twitch fibers32, was also downregulated in non-innervated bundles cultured with neurotrophic 

factors compared to the other two conditions (Figure 5B). Together, these data suggest that motor 

neuron innervation down-regulates MYH1A and up-regulates MB and MYL3 in engineered skeletal 

muscle, consistent with a slow twitch phenotype. Neurotrophic factors alone also induce similar 
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effects on gene expression, but to a lesser extent than the presence of both neurotrophic factors 

and motor neurons.  

 

Figure 5: Expression of select fast and slow twitch muscle fiber genes in muscle bundles cultured 
with or without neurotrophic factors (NF) or motor neurons (MN). Fold change in gene expression 
after (A) one or (B) two weeks of culture for the following genes: α-tropomyosin (α-FTM), myosin 
heavy chain 1A (MYH1A), myosin heavy chain B (MYHB), sex-determining region Y-box 5 
(Sox5), myosin light chain 3 (MYL3), troponin type 1 (TNN1), and myoglobin (MB).  
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Discussion 

Motor neuron innervation is a critical regulator of skeletal muscle health and physiology 

in vivo2 and thus is also hypothesized to improve the physiology of engineered muscle constructs. 

Previous approaches to engineer innervated muscle tissue accomplished this by adding motor 

neurons to engineered muscle constructs post-differentiation, which resulted in a relatively 

minimal impact on the structural and functional maturity of the muscle17, 19. In this study, we mixed 

motor neurons and myoblasts together in a hydrogel solution, then proceeded to induce 3-D muscle 

differentiation, which led to a more pronounced improvement in the structure and contractile 

function of the muscle. Motor neuron innervation also enhanced the expression of genes related to 

oxidative phosphorylation and slow twitch fibers. Neurotrophic factors alone induced some 

changes in muscle phenotype, but to a lesser extent than innervation. These data reinforce the 

physiological importance of motor neurons on skeletal muscle development and maturation and 

suggest that motor neuron innervation could be further leveraged to engineer more mature muscle 

constructs for in vitro modeling or regenerative medicine. 

Several engineered models of 2-D neuromuscular tissues have been successfully developed 

and implemented for mechanistic biology and neuromuscular disease modeling10-13. However, 3-

D models more closely recapitulate the cell-cell and cell-matrix interactions of native tissues26, 33, 

34. Here, we fabricated chambers for engineering 3-D neuromuscular tissues using a benchtop, 

consumer-grade 3-D printer and laser cutter. Similar to other approaches that use benchtop 

fabrication equipment14, 15, 17, this approach is more accessible, cheaper, and faster than 

photolithography16, 35, enabling more rapid fabrication and prototyping. To measure force 

generation, we stimulated tissues with an external field stimulation electrode and then optically 

tracked the movement of a laser-cut, flexible PDMS rod. Similar optical tracking techniques are 
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commonly used for measuring force generation in engineered muscle constructs36, 37. However, 

one limitation of optical tracking is that it is low-throughput and has relatively low sensitivity, 

which is a tradeoff of the simple fabrication method. Integration of stimulation electrodes and 

flexible electrical sensors into our device, as described in other systems38-40, would improve both 

the throughput and accuracy of our device.  

Because we added motor neurons prior to muscle bundle compaction, we observed axons 

distributed throughout the volume of the bundle. By contrast, the axons of motor neurons added 

after muscle bundle formation likely struggle to migrate deep into the muscle and instead stay on 

the surface of the muscle14, 16. The increased interactions between muscle and neurons in our 

tissues may explain why we observed a greater effect of innervation on myogenic index and force 

generation compared to prior models. However, we were not able to confirm the presence of 

neuromuscular junctions in our tissues due to technical challenges in detecting these delicate 

structures. Previously, we did identify relatively mature neuromuscular junctions between these 

two cell types in 2-D tissue constructs12, providing some evidence that they likely form synapses 

in 3-D, but this would need to be confirmed. Alternatively, or additionally, the muscle tissue could 

be remodeling in response to paracrine crosstalk with motor neurons, as neurons can also secrete 

signaling factors, including BDNF and GDNF41. Establishing mechanisms of neuron-muscle 

crosstalk is an important topic for follow-up studies. 

Innervation also impacted the dynamics of contraction and the expression of slow and fast 

twitch genes by our tissue constructs. Our starting muscle cells were isolated from the chick thigh 

muscle, which primarily comprises highly oxidative, slow muscle types42. Muscle bundles without 

neurotrophic factors or motor neurons experienced a significant decline in rise and fall time from 

one to two weeks, consistent with a transition from slow to fast fibers. By contrast, innervated 
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muscle bundles and muscle bundles with neurotrophic factors maintained a more constant rise and 

fall time, suggesting that more slow fibers were maintained. These contractility results were also 

corroborated with RT-qPCR analysis, as innervated tissues expressed the lowest levels of MYH1A 

(fast twitch gene) at one week and the highest levels of MYL3 and MB (slow twitch genes) at two 

weeks. MYH1A encodes for a myosin heavy chain protein expressed in fast type fibers and MYL3 

encodes for a myosin light chain protein expressed in slow type fibers. MB encodes for myoglobin, 

which is a selective marker for oxidative muscle fibers43. Myoglobin levels rapidly increase during 

neonatal development, as shown in mouse44. Continuous motor neuron stimulation also increases 

myoglobin levels in vivo, as shown in rabbit44, consistent with our in vitro results.  

Electric pulse stimulation of non-innervated muscle tissues is commonly used to induce 

contraction and somewhat mimic innervation. Electrical pulse stimulation has been reported to 

enhance the expression of muscle genes, increase force generation, and induce a switch from fast 

to slow fiber types45-47. Electrical pulse stimulation also induces maturation in engineered 3-D 

cardiac tissues35, 48. Thus, it is plausible that motor neurons are improving the structure and 

function of our engineered muscle tissues by continuously stimulating muscle contraction, similar 

to electrical pulse stimulation. Although electrical pulse stimulation is a more straightforward 

approach, motor neuron innervation and electrical pulse stimulation have been shown to induce 

distinct phenotypes in engineered muscle tissues49, 50. Thus, electrical pulse stimulation is not 

completely equivalent to motor neuron innervation and may induce some non-natural phenotypes 

that are undesirable. Furthermore, other forms of paracrine interactions between muscle and 

neurons are absent with electrical pulse stimulation, which likely also impact tissue phenotypes. 

Paracrine crosstalk between motor neurons and skeletal muscle involves a complex mixture of 

neurotrophic factors and other myokines not investigated here51, 52, which may further explain the 
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higher impact of motor neuron co-culture compared to neurotrophic factors alone. Future studies 

can focus on determining the precise mechanisms of muscle enhancement induced by motor 

neurons. 

In this study, we co-cultured motor neurons within engineered muscle bundles and 

observed enhanced muscle maturation and maintenance of slow twitch phenotypes. However, 

there are several caveats and limitations of our study that should be considered. First, we used 

human iPSC-derived motor neurons and primary embryonic chick muscle cells. We chose chick 

cells because they are highly accessible in large quantities and can quickly and easily differentiate 

into highly contractile muscle tissues12. Previous work has also shown synapse formation between 

human iPSC-derived motor neurons and chick muscle12, 21, 53. However, the use of chick cells does 

significantly limit human relevance. Thus, future studies should focus on using primary human 

myoblasts or human iPSC-derived myoblasts54 to better model human neuromuscular 

development. Another limitation is that we did not directly confirm or evaluate neuromuscular 

junction structure or function. Thus, the mechanisms of how innervation improves muscle 

maturation is an important topic for future study. In the reciprocal direction, there may also be 

beneficial effects of muscle on the motor neurons that were not explored in this study. We also 

neglected many other important cell types that are present in endogenous muscle, such as 

fibroblasts30, endothelial cells55, and macrophages33, which have also been co-cultured with 

engineered muscle constructs and shown to improve muscle phenotype. Thus, cell-cell interactions 

with supporting cell types, including, but not limited to, motor neurons, are key regulators of 

skeletal muscle development and maturation and are an important design feature to consider for 

ongoing efforts in engineering mature skeletal muscle tissue constructs for disease modeling or 

transplantation. 
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