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Abstract

Introduction—Multicellular platforms and linked multi organ
on chip devices are powerful tools for drug discovery, and
basic mechanistic studies. Often, a critical constraint is
defining a culture medium optimal for all cells present in the
system. In this study, we focused on the key cells of the
neuromuscular junction i.e., skeletal muscle and motor
neurons.
Methods—Formulation of a chemically defined medium for
the co-culture of C2C12 skeletal muscle cells and human
induced pluripotent stem cell (hiPSC) derived spinal spher-
oids (SpS) was optimized. C2C12 cells in 10 experimental
media conditions and 2 topographies were evaluated over a
14-day maturation period to determine the ideal medium
formulation for skeletal muscle tissue development.
Results—During early maturation, overexpression of genes
for myogenesis and myopathy was observed for several
media conditions, corresponding to muscle delamination and
death. Together, we identified 3 media formulations that
allowed for more controlled differentiation, healthier muscle
tissue, and long-term culture duration. This evidence was
then used to select media formulations to culture SpS and
subsequently assessed axonal growth. As axonal growth in
SpS cultures was comparable in all selected media conditions,
our data suggest that the neuronal basal medium with no
added supplements is the ideal medium formulation for both
cell types.
Conclusions—Optimization using both topographical cues
and culture media formulations provides a comprehensive

analyses of culture conditions that are vital to future
applications for in vitro NMJ models.

Keywords—Skeletal muscle, Organs on chips, Co-culture

motor neurons, Neuromuscular junction, Chemically defined

media.

INTRODUCTION

Numerous debilitating diseases arise from patho-
physiological dysfunction at the neuromuscular junc-
tion (NMJ) including myasthenia gravis, spinal
muscular atrophy, amyotrophic lateral sclerosis, and
Charcot-Marie-Tooth disease.29,38,39,50 To investigate
the underlying mechanisms of the dysfunction, in vitro
model systems are being developed as attractive testing
platforms that focus on the major components of
multicellular systems. An NMJ platform would require
direct cell–cell contact between the 2 main cell types,
motor neurons and skeletal muscle. Motor neurons
extend axons to transmit electrochemical signals at the
synapse of the skeletal muscle to transduce a signal
into movement; this is the fundamental basis of the
NMJ. Recapitulation of this basic physiologic function
at the NMJ in vitro would require the two cell types to
be cultured in proximity to one another, thus a culture
medium that would support both the motor neurons
and skeletal muscle cells.

C2C12 cells, a mouse skeletal muscle cell line, have
been commonly used in NMJ platforms.58,70 When
cultured alone, C2C12s have a 2-step culture process.
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First, cells are allowed to proliferate in growth medium
containing high glucose DMEM and 10% fetal bovine
serum (FBS). Second, a low serum differentiation
muscle medium (MM) containing high glucose
DMEM and 2% horse serum is added, inducing
myoblast differentiation into myotubes.3 However,
skeletal muscle is known to delaminate from surfaces
easily, often after 7 or fewer days in culture. The
occurrence of muscle delamination can be influenced
by surface adhesions, over development, or strength of
twitching.8,16,33,56 The delamination of muscle affects
the ability to culture muscle tissue long term, therefore
hindering the formation of functional NMJs. While
C2C12 skeletal muscle cell culture is generally more
permissive to changes in media formulations, stem cell
derived human neurons are typically more sensitive to
small changes in media composition. Human induced
pluripotent stem cell (hiPSC) derived motor neurons
require the addition of numerous supplements to the
culture medium, although formulations
vary.11,13,22,36,51

In this study, we report the optimization of cell
culture medium for the culture of SpS and C2C12
mouse skeletal muscle cells. Based on the medium
formulation reported by Maciel et al., a base neuronal
medium containing DMEM/F12, N2-supplement,
B27-supplement, D-glucose, and L-ascorbic acid sup-
plemented with 7 additives: retinoic acid (RA),
SB431542 (SB), smoothen agonist (SAG), dorsomor-
phin (D), brain-derived neurotrophic factor (B), ciliary
neurotrophic factor (C), and glial-derived neu-
rotrophic factor (G) was prepared.36 Although this
medium formulation sustains the growth and culture
of SpS, our preliminary data showed that this complete
formulation was not conducive for C2C12 culture. In
efforts to optimize a medium for the culture of both
C2C12 cells and SpS, 7 experimental conditions were
prepared containing C2C12 cells cultured in the com-
plete formulation with one of the additives removed.
Additionally, 3 control groups were included: tradi-
tional MM, complete formulation neuronal medium
(NM), and basal neuronal medium with no additives
(No Add). C2C12 cells were cultured on a gelatin-
coated laminin (GEL-LN) hydrogel that was previ-
ously shown to promote long term culture.3 Two
topographies were explored to determine ideal hydro-
gel architecture, alongside optimal media formula-
tions. At 4 days of C2C12 cell maturation, gene
expression profiles specific to myogenesis and myo-
pathies were evaluated to determine the influence of
each media formulation on the cells. Morphologic
examination of the developed muscle tissue after
14 days of culture in each condition was correlated to
the optimal culture medium formulation. Using this
data, 4 media conditions were selected to test SpS ax-

onal growth over 3 days. The deconstruction of com-
plete neuronal medium to implement the culture of
SpS with skeletal muscle cells implicates an optimal
medium for future NMJ studies. Improving the culture
conditions by providing an ideal medium formulation
to both NMJ cell types is fundamental to the
prospective investigations that will follow.

MATERIALS AND METHODS

Skeletal Muscle Morphology Assessment

GEL-LN substrates were fabricated using previ-
ously established methods.3 Initially, 10% (w/v) type A
porcine gelatin (Sigma, St. Louis, MO) and 4% (w/v)
microbial transglutaminase (Ajinomoto, Tokyo, Ja-
pan), an enzymatic crosslinker, were mixed together,
added to an 18-mm chemically activated glass cover-
slip, and micromolded using a 20 lm 9 10 lm or
15 lm 9 10 lm (grooves 9 ridges) polydimethyl-
siloxane (PDMS; Electron Microscope Sciences, Hat-
field, PA) stamp32 The height of the ridge was 5 lm in
both cases. The gelatin hydrogel cured overnight at
room temperature and the stamp was removed. Sub-
sequently, laminin (10 lg/mL; Gibco, Carlsbad, CA)
and microbial transglutaminase (mTg; 4% w/v) were
added to a non-adherent surface (i.e. parafilm) and the
gelatin hydrogel was inverted onto the laminin-mTg
solution and put in a 37 �C incubator for 1 h. After
incubation GEL-LN hydrogels were stored in PBS
(Gibco) at 4 �C until use. Commercially available
C2C12 skeletal muscle cells (ATCC, Manassas, VA)
were obtained and cultured in growth medium con-
taining high glucose (4.5 g/L) DMEM (Gibco) with
10% fetal bovine serum (Gibco) and 1% penicillin–
streptomycin (ThermoFisher Scientific, Waltham,
MA). Once skeletal muscle cells were 80–90% conflu-
ent the cells were lifted and seeded onto GEL-LN
substrates at a density of 400 cells/mm2. Cells were
cultured on substrates in growth medium until 80–90%
confluent, after which the medium was exchanged for
one of the 10 types of media (Table 1). The three
controls included MM, NM, and No Add, while the 7
experimental conditions included NM with one sup-
plement removed denoted by that supplement with a
–superscript. MM consisted of high glucose DMEM,
2% horse serum (ATCC), and 1% penicillin–strepto-
mycin. NM contained DMEM/F12 GlutaMAX
(ThermoFisher) medium containing 0.32% D-glucose
(ThermoFisher), 0.8 mM L-Ascorbic Acid (Sigma), 2X
N-2 supplement (ThermoFisher), 2X B27 supplement
(ThermoFisher), 1% Penicillin/Streptomycin, 1.5 lM
retinoic acid (Sigma), 10 lM SB431542 (Sigma), 1 lM
dorsomorphin (Tocris, Bristol, UK), 200 nM SAG
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(Tocris), 2 ng/mL BDNF (ThermoFisher), 2 ng/mL
GDNF (ThermoFisher), and 2 ng/mL CNTF (Ther-
moFisher). No Add was the neuronal basal medium
consisting of DMEM/F12 GlutaMAX media, 0.32%
D-glucose, 0.8 mM L-Ascorbic Acid, 2X N-2 supple-
ment, 2X B27 supplement, and 1% Penicillin/Strep-
tomycin.

Skeletal muscle cells were cultured in different media
for 14 days and assessed for spontaneous twitching,
and morphology. On day 14, skeletal muscle cultures
were fixed for 15 min with a 4% paraformaldehyde
(PFA) solution. Subsequently, cultures were perme-
abilized using a 0.05% Triton X-100 (Sigma) solution
for 20 min. Cultures were incubated with primary
antibodies for mouse monoclonal anti-a-sarcomeric
actinin (n = 3; 1:200; Sigma, A7732) or mouse anti-
myosin heavy chain (n = 2; MHC; 1:200; clone
A4.1025; EMDMillipore, 05-716, Burlington, MA) for
1 h. Subsequently, cultures were incubated with DAPI
DNA stain (1:200), Phalloidin Alexa Fluor 488 (In-
vitrogen, A12379, Carlsbad, CA), and Alexa Fluor
647-conjugated goat anti-mouse secondary antibodies
(1:200; Invitrogen, A21237). Each condition (5 fields of
view per coverslip) was imaged using a Nikon Eclipse
Ti inverted microscope (Nikon, Tokyo, Japan) Ti
Analyzer software and assessed for total nuclei, myo-
genic index, percent positive area of F-actin, percent
positive area of a-sarcomeric actinin, and percent
positive area of myosin heavy chain. Myogenic index is
calculated as the fraction of nuclei contained in myo-
tubes compared to total nuclei in each field of view.
Percent positive area was determined by assessing
images for the number of pixels positive for a fluo-
rescent signal over total number of pixels. A Leica SP5
inverted confocal microscope (Leica, Wetzlar, Ger-
many) and ALS AF software were used for capture of
immunofluorescent images, images were subsequently

processed using ImageJ software (National Institute of
Health, Bethesda, MA). To capture the images using
the Leica SP5 the N.A. was 0.7 and the refractive index
was 1.0. Three laser lines were used including 405, 488,
and 633. Images captured using the Nikon Eclipse Ti
were captured with an objective with an N.A value of
0.75 and refractive index 1. Three filters were used C-
FL UV-2E/C DAPI, C-FL FITC HYQ, and AT-Cy5/
AlexaFluor647/Draq5 with excitation/emission cen-
tered at 360/460, 480/535, and 620/699 respectively.
The camera used to capture images on the Nikon
Elipse Ti microscope was Andor Zyla camera. The
camera used to capture images on the Nikon Elipse Ti
microscope was Andor Zyla camera.

Gene Expression Analyses

C2C12 skeletal muscle cells were seeded onto GEL-
LN hydrogels with 20 lm 9 10 lm (10% gelatin w/v;
4% mTg; 10 lg/mL laminin; grooves X ridges)
micromolded features and cultured until confluent.
Once confluent cultures were switched to one of the 10
media conditions and cultured for 4 days. C2C12 cells
were subsequently collected by exposure to 0.25%
trypsin–EDTA (ThermoFisher Scientific) for 5 min
and stored at � 80 �C as pellets in RNAlaterTM Sta-
bilization Solution (ThermoFisher Scientific). Upon
isolation, pellets were thawed, and total RNA was
isolated and purified using RNeasy Plus Mini Kit
(Qiagen, Germantown, MD) according to the manu-
facturer’s instructions. Total RNA (1 lg) was synthe-
sized into cDNA using SuperscriptTM VILOTM cDNA
synthesis kit (Invitrogen), diluted (10 ng/lL) with
Ultrapure water (Invitrogen), and stored at � 20 �C
until further use. Real time quantitative reverse tran-
scriptase polymerase chain reaction (qPCR) was per-
formed for the genes designated in the RT2 ProfilerTM
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TABLE 1. Media components for each culture condition.

Condition Media components

Muscle

Medium (MM)

High glucose DMEM GlutaMAX, horse serum,

penicillin/streptomycin

Neuronal medium

(NM)

DMEM/F12 GlutaMAX, D-glucose, L-Ascorbic Acid, N-2 supplement, B27 supplement,

penicillin/streptomycin, retinoic acid, SB431542, dorsomorphin, SAG, BDNF, GDNF,

CNTF

SB- NM without addition of SB431542

RA- NM without addition of retinoic acid

D- NM without addition of dorsomorphin

SAG- NM without addition of smoothened agonist SAG

B- NM without addition of BDNF

G- NM without addition of GDNF

C- NM without addition of CNTF

Basal medium (No

ADD)

DMEM/F12 GlutaMAX, D-glucose, L-Ascorbic Acid, N-2

supplement, B27 supplement, penicillin/streptomycin
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PCR Array selected for Mouse Skeletal Muscle:
Myogenesis & Myopathy (Qiagen). According to
Format A of the manufacturer’s instructions, compo-
nent mixes for each sample was prepared fresh by
combining RT2 SYBR Green qPCR Mastermix (Qia-
gen), 100 lL cDNA, and Ultrapure water prior to
running each plate. Subsequently, 20 lL of component
mix was added into each well of the array plate. Using
a BIORAD CFX Connect thermocycler (Hercules,
CA), plates were loaded, and qPCR was performed. Ct
values were exported and properly formatted into
Excel spreadsheets for importing into Qiagen’s Data
Analysis Center online. Data were normalized using b-
actin and GAPDH housekeeping genes, and unsuper-
vised hierarchical clustering of each condition repre-
sented the relationships corresponding to gene
expression activities.

Spinal Spheroids Differentiation and Growth Assessment

Human motor neurons were differentiated and
purified according to previously published meth-
ods.36,51 Skin punch biopsies were obtained and
fibroblasts were isolated from samples and subse-
quently induced into pluripotent stem cells. Briefly,
fibroblast cultures were derived from skin punch
biopsies obtained from patients with axonal forms of
CMT and unaffected control individuals, as part of an
initiative to establish a CMT iPSC collection at the
University of Miami Department of Neurology.
Fibroblasts were seeded on gelatin-coated 6-well plates
and transduced with supernatant containing 4 retro-
viral vectors expressing SOX2, OCT3/4, KFL4 and C-
MYC. After 7 to 10 days, iPSC clones could be iden-
tified and selectively propagated on Matrigel (BD
Bioscience, San Diego, CA)-coated plates in mTeSR1
(Stem Cell Technologies) defined media. All study
participants gave written informed consent before
enrollment. IRB approval was granted by the Wayne
State University Human Investigation Committee and
University of Miami Institutional Review Board.
hiPSCs were cultured until 90–95% confluency and
then differentiated into motor neurons for 24 days.
Motor neurons were subsequently purified using
magnetic bead sorting based on L1CAM. The purified
motor neurons were cultured in agitation until they
formed SpS which was determined by an accumulation
of multiple cells into a spheroid body. SpS were plated
onto isotropic GEL-LN substrates (10% gelatin w/v;
4% mTg; 10 lg/mL laminin) and cultured for 4 days.
The 3 optimal media conditions (No ADD, D�, and
RA�) for skeletal muscle culture were chosen for SpS
evaluation and full NM medium was used as a control
(n = 3). Axonal growth was assessed from day 2 to
day 4 of culture using a Nikon Eclipse Ti inverted

microscope. On each of the 3 days, axon area was
assessed, as well as the axon length and major and
minor axis of the axon area. These measurements were
then normalized to the spheroid area. Images captured
using the Nikon Eclipse Ti were captured with an
objective with a N.A value of 0.5 and refractive index
1. All images were taken using bright field and a Andor
Zyla microscope.

Statistical Analysis

All statistical analysis was performed on Prism v8
software (GraphPad, San Diego, CA). Student t-tests
and one-way analysis of variance followed by Tukey’s
post hoc were used for statistical comparisons. All
values were reported as the mean ± standard error of
the mean unless reported otherwise, and p < 0.05 was
considered statistically significant.

RESULTS

Skeletal Muscle Morphology

Skeletal muscle cells were cultured on GEL-LN
hydrogels with 2 different topographies, 20 lm 9 10
lm 9 1.5 lm or 15 lm 9 10 lm 9 1.5 lm
(grooves 9 ridges 9 height) for 14 days. Each day,
muscles tissue was evaluated for spontaneous twitch-
ing, delamination, confluency, and overall morphology
including differentiation efficiency and area of mature
muscle tissue. Differentiation efficiency was deter-
mined by increases in myogenic index. All cultures
contained spontaneous twitching except for the MM
condition. Spontaneous twitching occurred the earliest
in RA� and D� conditions (day 3) and the latest in the
SAG� condition (day 6). All the C2C12 cell cultures
were still contracting on day 14 except for MM, NM,
C�, and G�. The cultures with the least overall
delamination over the 14-day period for both
topographies were MM and No Add. For both
topographies, NM, C�, and G� had the highest levels
of myotube delamination over the 14 days. For a
table of all visual observations refer to Supplementary
Table 1.

After 14-days, cultures were fixed and immunos-
tained for DNA, F-actin, and MHC or a-sarcomeric
actinin. C2C12 cells cultured on 20 lm 9 10 lm gen-
erally showed better overall morphology across all
conditions over the 14-day period (Figs. 1 and 2).
Within the 20 lm 9 10 lm hydrogels, the conditions
with the most cells present at the end of the 14 days
were MM, No Add, RA�, and D� (Figs. 3a and 3b).
The group with the highest differentiation efficiency
was the No Add condition, while most other groups
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showed similar differentiation, however the values
were still higher than the MM control group (Fig. 3c).
The conditions with the least amount of myotube
delamination were No Add, RA�, and D� as indicated
by the a-sarcomeric actinin positive area and MHC
positive area on day 14 (Figs. 3d and 3e).

Skeletal muscle cells cultured on hydrogels with 15
lm 9 10 lm topography had decreased total nuclei
compared to 20 lm 9 10 lm conditions except for

NM, G�, and C� conditions, which resulted in slightly
increased total nuclei (Fig. 3a). The differentiation
efficiency was decreased for the 15 lm 9 10 lm con-
ditions except C2C12 cells cultured in RA� medium
(Fig. 3c). The percent positive area for a-sarcomeric
actinin was decreased or equivalent for 15 lm 9 10 lm
conditions except for C2C12 cells cultured in SB� and
RA� cultures which were increased compared to 20
lm 9 10 lm conditions (Fig. 3d). When considering
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FIGURE 1. Presence of myosin heavy chain and F-actin at day 14 of culture. C2C12 cells were seeded on GEL-LN hydrogels
micromolded with 15 lm 3 10 lm patterning. Day 14 cells were fixed and immunostained for DAPI (blue), MHC (magenta), and F-
Actin (green). MM, No Add, D2, RA2, and NM are shown here. Scale bars represent 100 lm.
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percent positive area for MHC, the 15 lm 9 10 lm
conditions that were increased compared to 20
lm 9 10 lm topography were NM, SB�, and RA�,
however the three increases were insignificant (Fig. 3e).
Finally, the percent positive area for F-actin showed
an increase for NM, SB�, G�, and C� 15 lm 9 10 lm
conditions (Fig. 3b). Overall, C2C12 cells cultured on
20 lm 9 10 lm topography resulted in improved

morphological outcomes with the exception of a few
instances as described above.

The conditions with the best differentiation effi-
ciency on 15 lm 9 10 lm surfaces were No add, RA�,
and SB� (Fig. 3c). However, the condition with the
highest differentiation efficiency was seen in the 20
lm 9 10 lm No Add medium. C2C12 cells cultured on
15 lm 9 10 lm had the lowest levels of myotube
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FIGURE 2. Presence of myosin heavy chain and F-actin at day 14 of culture. C2C12 cells were seeded on GEL-LN hydrogels
micromolded with 20 lm 3 10 lm patterning. Day 14 cells were fixed and immunostained for DAPI (blue), MHC (magenta), and F-
Actin (green). MM, No Add, D2, RA2, and NM are shown here. Scale bars represent 100 lm.
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delamination in No Add and RA� media. Interestingly,
C2C12 cells maintained in D� medium on 15 lm 9 10
lm surfaces had significantly higher levels of delami-
nation compared to culture in D� media on 20
lm 9 10 lm surfaces. For tables of significance for
Fig. 3 refer to Supplementary Tables 2 to 6. For
magnified images of Figs. 1 and 2 refer to Supple-
mentary Figs. 1 and 2.

Myogenesis and Myopathy qPCR

qPCR was performed using a RT2 ProfilerTM PCR
Array selected for Mouse Skeletal Muscle: Myogenesis
& Myopathy. The mRNA for day 4 C2C12 cells cul-
tured on 20 lm 9 10 lm hydrogels was assessed for
each of the 10 media conditions. After data was
obtained the genes were grouped into categories and
the results were organized using unsupervised hierar-
chal clustering. Genes associated with contractility
were significantly downregulated for C2C12 cells cul-
tured in MM (Fig. 4a). Cells maintained in B� and
SB�, overall had the highest expression of genes

associated with contractility. The expression of
C2C12s cultured in No Add, RA�, and D� were the
most comparable to MM. This downregulation of
contractility genes is likely related to the observed low
levels of delamination in these conditions. Similarly,
the conditions MM, No Add, and D� had the lowest
expression of genes associated with myogenesis, while
RA� and B� had the greatest upregulation of these
genes (Fig. 4b). This could indicate that MM, No Add,
and D� have more controlled and delayed myogenesis
processes.

The gene that encodes for a-actin (Acta1) was of
particular interest when assessing hypertrophy
(Fig. 5a). This gene, which is associated with congen-
ital myopathies, was upregulated in almost every
condition except for MM and No Add in which it was
downregulated.18 The upregulation of a-actin could
indicate unhealthy formation of muscle. Metabolism
was evaluated and both NM and B� conditions had
multiple genes which were upregulated compared to all
other conditions (Fig. 5b). Again, MM and No Add
had the lowest expression overall for genes associated
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FIGURE 3. Quantification of 15 lm 3 10 lm and 20 lm 3 10 lm conditions on day 14 of culture. (a) Images were assessed for
total nuclei. (b) To determine positive area fraction for F-Actin images were analyzed for number of pixels positive for a fluorescent
signal and divided by total number of pixels. (c) The differentiation efficiency was calculated by determining the number of nuclei
in positively stained myotubes and dividing by the number of total nuclei. To determine positive area fraction for (d) alpha-
sarcomeric actinin and (e) MHC images were analyzed for number of pixels positive for a fluorescent signal and divided by total
number of pixels.
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with metabolism. Lastly, genes associated with skeletal
muscle wasting and atrophy were assessed, which re-
vealed several changes between conditions (Fig. 5c).
Overall, SB�, B�, RA�, and NM had highest levels of
expression in this category, while MM, No Add, and
D� had the lowest levels. When evaluating the entire
genetic panel for myogenesis and myopathy, a consis-

tent pattern emerged where MM, No Add, and D� had
downregulation of most genes that were analyzed,
while SB�, NM and B� were upregulated for many of
the genes. The overexpression of key genes could lead
to delamination and deformation of the skeletal muscle
tissue.
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FIGURE 4. Unsupervised hierarchical clustering of genes associated with contractility and myogenesis for day 4 C2C12 cells
cultured on GEL-LN patterned with 20 lm 3 10 lm grooves and ridges. Genes are listed to the left for (a) contractility and (b)
Myogenesis. Media conditions are represented on the top of each cluster. Green represents downregulation, black is the average
gene expression, and red represents upregulation of a gene.
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SpS Axonal Growth

SpS were seeded onto isotropic GEL-LN hydrogels
and cultured for 7 days in the 3 optimal media con-
ditions for C2C12 cell culture, No Add, RA�, and D�,
additionally NM was used as a control. On days 2, 3,
and 4 of culture, tile images were taken of each SpS
and the entire axonal area. ImageJ software was used
to draw a perimeter around the axon area. Using this
perimeter, the axon area, axon length, and major and
minor axis were determined (Figs. 6e and 6f). Addi-
tionally, all measurements were normalized to the area
of the SpS body and graphed (Figs. 6a to 6d). There
was no significant difference between any of the media
conditions on any of the times points. Axons grew at a
steady and expected rate over the culture period in all

conditions. On day 7, SpS were fixed and immunos-
tained for neuronal markers beta tubulin III (BTIII)
and neurofilament light (Supplemental Fig. 3).

DISCUSSION

There are several NMJ platforms reported in the
literature with various muscle and neuron
sources.11,21–23,55 Guo et al. first reported the forma-
tion of a cross species NMJ using C2C12s and human
stem cell derived motor neurons.22 The study used a
cell culture medium amendable to both cell types
however the medium formulation included numerous
components implemented over multiple days and the
human neuronal source used was spinal cord stem cells
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FIGURE 5. Unsupervised hierarchical clustering of genes associated with wasting/atrophy, hypertrophy, and metabolic
syndrome for day 4 C2C12 cells cultured on GEL-LN patterned with 20 lm 3 10 lm grooves and ridges. Genes are listed to the
left for (a) wasting/atrophy, (b) hypertrophy, and (c) metabolic syndrome. Media conditions are represented on the top of each
cluster. Green represents downregulation, black is the average gene expression, and red represents upregulation of a gene.
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instead of hiPSC-derived motor neurons and rat
embryonic skeletal muscle.

In this study, the ideal culture conditions for both
C2C12 cells and SpS were explored. C2C12 cells have
been widely used to create in vitro NMJ platforms.58,70

These cells are easy to maintain in culture, prolifera-
tive, and well characterized, however differentiation in
traditional media is suboptimal and they readily
delaminate from most culture surfaces, limiting their
use for functional NMJ formation and long-term cul-
ture. Gelatin and GEL-LN surfaces have been shown
to promote maturation and prolonged culture times
for C2C12 cells.3,4 Additionally, GEL-LN is a sub-
strate that enhances neuron attachment and matura-
tion.3 To optimize the culture of C2C12 cells and SpS,
both medium formulation and GEL-LN hydrogel
topography were assessed. Initially, C2C12 cells were
cultured in 10 different media conditions outlined in
Table 1 and on 15 lm 9 10 lm or 20 lm 9 10 lm
GEL-LN hydrogels. Proper muscle maturation is

observed by uniform alignment with highly organized
sarcomeric structures and longer myotube formation.
This study determined that GEL-LN hydrogels with 20
lm 9 10 lm features were ideal across most media
conditions compared to 15 lm 9 10 lm. Therefore,
our discussion will focus on C2C12 cells cultured on
hydrogels with 20 lm 9 10 lm features.

Initially, when C2C12 cells were cultured in NM, the
differentiation efficiency was robust, and spontaneous
muscle twitching was present early in the culture per-
iod. However, rapid development of skeletal muscle led
to delamination resulting in low cell attachment on day
14 of culture. To investigate this phenomenon and
enhance long term culture potential, each of the 7
medium components including retinoic acid (RA),
SB431542 (SB), smoothen agonist (SAG), dorsomor-
phin (D), brain-derived neurotrophic factor (B), ciliary
neurotrophic factor (C), and glial-derived neu-
rotrophic factor (G) were considered.35,36 A compila-
tion of the effects of each component on skeletal
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FIGURE 6. SpS axonal growth over 3 days of culture in 4 different media conditions. SpS were cultured on isotropic GEL-LN
hydrogels for 4 days and images were taken on days 2, 3, and 4. (a) The area of axonal coverage was measured for each condition
and normalized to the area of the SpS cell body. The ratio of these two areas is reported. (b) Each image was assessed for 2 axon
lengths within the axon coverage area. Axon length was then normalized to SpS cell body area. Lines were drawn around the area
of axonal coverage and the (c) minor and (d) major axis were determined for each day and media condition. The values were then
normalized to SpS cell body area.
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muscle and motor neurons is summarized in Supple-
mentary Table 7. RA induces the activation of Smad 1/
5 pathway.8 The activation of this pathways promotes
improved glucose tolerance and insulin sensitivity in
C2C12 cells resulting in changes in cellular
metabolism.2,34 Additionally, the mRNA transcription
of genes encoding RA receptors is upregulated during
differentiation of myotubes, indicating an important
role in myogenic differentiation of C2C12s.2,14,73

Interestingly, SB431542 has been reported to activate
Smad 1/5 as well as enhance the effects of RA, while D
counteracts RA, thus inhibiting the Smad 1/5 pathway.
In this study, C2C12 cells cultured in the RA� group
had high myogenic index and low rates of delamina-
tion. The RA� medium was determined to be one of
the top 3 conditions in this study, indicating that the
inclusion of RA for C2C12 culture can have a strong
effect on muscle during differentiation when combined
with the other supplements, leading to delamination of
muscle tissue. When assessing the mRNA transcription
of the RA� group, the genes associated with skeletal
muscle contractility overall had lower expression
compared to many of the other experimental groups.
This low expression suggests less spontaneous con-
traction during culture and reducing the incidence of
delamination.

C2C12 cells that have been cultured with SB showed
accelerated and enhanced myotube formation
in vitro.20,62 SB has been shown to inhibit ALK5,
myostatin and block TGF-b1 induced Smad2 phos-
phorylation resulting in the formation of enlarged
myotubes.20,25,37,62 Additionally, SB has been shown
to reduce the amount of MHC protein production but
increase expression of other myogenic factors and
muscle hypertrophy.20,64 The myogenic index of
C2C12 cells cultured in SB� medium was comparable
to NM medium, however the level of delamination of
SB� cultures was lower than NM. Consistent with
these findings, qPCR analysis of genes associated with
contractility showed overall lower expression in SB�

medium compared to NM cultures, however higher
expression when compared to MM cultures. The
expression levels of genes related to myogenesis were
similar in NM and SB� cultures but higher than
C2C12 cells cultured in MM. Interestingly, MM, No
Add, and SB�, (i.e. all deficient in SB), had similar
levels of expression for genes associated with hyper-
trophy. Conditions containing SB had higher levels of
expression of Acta1, Rps6kb1, and Myf6, indicating
potentially more hypertrophy in these condi-
tions.10,53,72

D had the greatest effect on the C2C12 culture
regarding morphology and delamination over the 14-
day period. Dorsomorphin is a BMP type 1 and Smad
1/5 inhibitor, as well as an inhibitor of p38 and Akt

both of which are associated with the BMP path-
way.5,48 The BMP type 1 pathway is an important
hypertrophic and anti-atrophic pathway in muscle.61

When the BMP receptor is active it can lead to sub-
stantial hypertrophy in the muscle. Additionally,
treatment of muscle cultures with D has been shown to
promote myogenesis and contractile activity in vitro.24

Conversely, Furutani et al. found that treatment with
BMP type 1 inhibitors down regulated myogenic reg-
ulatory factors, resulting in impaired muscle forma-
tion.20 With D removed from C2C12 muscle culture
conditions, the myogenic index remained high but the
rate of delamination was significantly lower than
C2C12 cells cultured in NM. Removing D from the
culture medium resulted in an overall gene expression
profile that is comparable to MM and No Add condi-
tions. Genes associated with contractility are reduced
compared with NM indicating lower rates of sponta-
neous contraction and therefore delamination in D�

conditions. When assessing myogenesis, the expression
is intermediary, exhibiting higher levels of genes asso-
ciated with myogenesis than MM but lower levels
when compared to NM. C2C12 cells cultured in D�

medium displayed improved morphology and gene
expression profile compared to NM.

Similar to RA, SAG affects cell metabolism includ-
ing that of C2C12 cells. Teperino et al. reported the
culture of C2C12 cells with the inclusion of SAG
resulted in increased glucose uptake and lactose pro-
duction.57 Additionally, SAG resulted in increased
extracellular acidification and reduced oxygen con-
sumption rates in C2C12 cultures, indicating a meta-
bolic shift.57 Further, SAG activates the AMPK
pathway in muscle satellite cells, influencing muscle
differentiation and regeneration.19 The removal of
SAG from C2C12 culture medium had little effect on
the myogenic index or the rate of delamination, indi-
cating no negative effect on the culture of C2C12 cells.
Likewise, genes associated with contractility and
myogenesis had similar expression for NM and SAG�

media conditions, making it likely that SAG does not
have a significant effect on levels of muscle contraction
or myogenesis in vitro.

The final 3 additives to NM are neurotrophic factors
BDNF, CNTF, and GDNF, which are all known to
increase neuron survival and promote neurite exten-
sion.42,46 B, G, and C are expressed in skeletal muscle
during muscle differentiation and stimulate NMJ for-
mation.27,31,41,65 C is present in differentiating muscle,
however exogenous C has been shown to promote
proliferation and inhibit differentiation.63 Another re-
port specified that the addition of C to skeletal muscle
culture can cause dedifferentiation of myotubes and
down-regulate myogenic regulatory factors.7 However,
when C was removed from culture in the current study,
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there was no upregulation of MyoD or Myf5. Fur-
thermore, the removal of C had minimal effect on the
overall gene expression profile compared to the NM
medium condition. This could be due to the low con-
centration of C used in NM. One report indicated that
C inhibits myoblast differentiation when present at a
concentration of 10 ng/mL, while the concentration in
this study is 2 ng/mL.60 The C� medium condition had
similar myogenic index and rates of delamination
compared to NM cultures. The production of G by
skeletal muscle is known, however the mechanisms
behind this production are largely unknown.65 G is
important in the formation of NMJs and overexpres-
sion of G leads to hyperinnervation.44,69,74 Interest-
ingly, Vianney et al. reported that the presence of short
term electrical stimulation and acetylcholine inhibits
skeletal muscle G production.59 The role of G in NMJ
formation will be important for future co-culture
studies with skeletal muscle and neurons, however it
did not have a significant effect in this study. The re-
sults when G was removed from NM were comparable
to both NM and C� conditions. High levels of
delamination were still present in the cultures, indi-
cating the presence of G does not have a significant
effect on maintaining long term culture of C2C12 cells.
C2C12 cells secrete B, specifically during the prolifer-
ation stage after which it is downregulated during
differentiation. Therefore, unlike C and G, myoblasts
and not myotubes are responsible for the bulk of B
production and secretion. B plays a significant role in
myogenic differentiation and repair by modulating the
development and differentiation of myoblasts, as well
as maintaining a population of healthy muscle pro-
genitors.43 However, contraction stimulates B pro-
duction in mature myofibrils.9,41 In the present study,
the removal of B from NM did not lead to an
observable morphological effect; the myogenic index
and level of delamination was comparable to NM, as
well as C� and G�. Surprisingly, the B� medium in-
duced a significant amount of changes in the overall
gene expression profile. For contractility and myoge-
nesis almost all the associated genes were highly
upregulated. Genes specifically indicating differentia-
tion, such as MyoD and Myf5, were not upregulated
but genes corresponding to satellite cell development,
such as Pax3 and Pax7, revealed relatively high
expressions. These results indicate the inclusion of B
plays some role in overall downregulation of detected
transcripts of C2C12 cells cultured in NM.

All the supplements in the NM conditions have
beneficial effects on motor neurons, specifically for
differentiation and maintenance. RA induces neural
phenotypes in stem cells and is involved in the switch

between proliferation and differentiation.15 During
development, the number of neurons depends on the
levels and distribution of RA.26 Additionally, RA is
necessary for motor neuron specification.45,54 SB aids
in the differentiation of stem cells into neurons by
inhibition of the TGF-b pathway which in turn blocks
endodermal and mesodermal cell fates.6,49 Patani et al.
demonstrated that the combination of RA, SB, and a
sonic hedgehog agonist treatment induces a motor
neuron fate.47 Similarly, RA, SB, and SAG induced
high specificity for motor neurons from a stem cell
population and allows for accelerated differentiation.1

Additionally, SAG has been shown to play a role in
myelination in the peripheral nervous system, which
could be important in future co-culture NMJ studies.71

D inhibits the BMP pathway, which further enhances
neural induction and stimulates the outgrowth of
neurites.17,30 Neurotrophic factors play a role in motor
neuron survival, maintenance, and neurite out-
growth.42 B helps prevent motor neuron death, pro-
motes differentiation, stimulates a cholinergic
phenotype in developing neurons, and induces axonal
growth.28,66,67 G mostly plays a role in motor neuron
survival in vivo, while C promotes survival and differ-
entiation of motor neurons.12,42,46,68 Additionally,
mice lacking C exhibit severe motor neuron degener-
ation, indicating C has an important role in mainte-
nance as well.40,52

In this study, C2C12 cultures underwent morpho-
logical and transcriptional assessments that led to 3
potentially optimal media formulations including D�,
RA�, and No Add. These 3 formulations, along with
positive control NM, were used to culture SpS and
their axonal growth over 3 days was assessed. RA,
SAG, D, and SB each contribute to the differentiation
of stem cells inducing enriched motor neuron popula-
tions. After axonal growth assessments, it was deter-
mined these supplements can be included in the
differentiation process and subsequently removed
during the co-culture period as there was no significant
difference in the D� and RA� conditions compared to
NM. The No Add condition, which contained none of
the supplements including the neurotrophic factors
that are known to be essential for axonal growth, had
slightly less axonal growth, however it was not signif-
icant. Therefore, it is possible that muscle cells can
produce and secrete neurotrophic factors that will help
regulate and promote axonal growth from the SpS.
The No Add medium formulation results in high
myogenic index and low levels of delamination of
C2C12 cells over a 14-day period. Additionally, culture
of C2C12 cells in the No Add medium leads to a
transcriptional profile that is most comparable to the
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standard medium used to culture muscle, with one
notable exception. MyoD is upregulated in No Add
compared to MM indicating greater differentiation
potential, which is confirmed by an increased myogenic
index. In conclusion, the ideal medium for use in a
culture system that includes C2C12 skeletal muscle
cells and SpS contains DMEM/F12, N2 supplement,
B27 supplement, D-glucose, and L-ascorbic acid.

CONCLUSION

In this study, an optimal medium for the culture of
C2C12 skeletal muscle cells and SpS was explored.
Analysis of C2C12 cell morphology was performed
over a 14-day period, in addition to day 4 qPCR to
evaluate gene expressions for myogenesis and myopa-
thy. After C2C12 assessment, No Add, D�, RA�, and
control MM were used to analyze axonal growth of
SpS. There was no measureable difference between
conditions and SpS axons grew at a steady rate. Our
study suggests that for future studies, No Add medium
is optimal to create a co-culture platform consisting of
C2C12 skeletal muscle and SpS for in vitro NMJ for-
mation.
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