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Myokines and exosomes, originating from skeletal muscle, are shown to play a significant
role in maintaining brain homeostasis. While exercise has been reported to promote
muscle secretion, little is known about the effects of neuronal innervation and activity
on the yield and molecular composition of biologically active molecules from muscle.
As neuromuscular diseases and disabilities associated with denervation impact muscle
metabolism, we hypothesize that neuronal innervation and firing may play a pivotal role
in regulating secretion activities of skeletal muscles. We examined this hypothesis using
an engineered neuromuscular tissue model consisting of skeletal muscles innervated
by motor neurons. The innervated muscles displayed elevated expression of mRNAs
encoding neurotrophic myokines, such as interleukin-6, brain-derived neurotrophic
factor, and FDNCS5, as well as the mRNA of peroxisome-proliferator-activated receptor
Y coactivator 1o, a key regulator of muscle metabolism. Upon glutamate stimulation, the
innervated muscles secreted higher levels of irisin and exosomes containing more diverse
neurotrophic microRNAs than neuron-free muscles. Consequently, biological factors
secreted by innervated muscles enhanced branching, axonal transport, and, ultimately,
spontaneous network activities of primary hippocampal neurons in vitro. Overall, these
results reveal the importance of neuronal innervation in modulating muscle-derived fac-
tors that promote neuronal function and suggest that the engineered neuromuscular tis-
sue model holds significant promise as a platform for producing neurotrophic molecules.
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Skeletal muscles not only are responsible for voluntary body movement but also play a
crucial role in maintaining homeostasis and regulating body-wide organ functions.
Specifically, skeletal muscle secretes various peptides and cytokines, named myokines,
which exert autocrine, paracrine, and endocrine effects (1). For instance, interleukin-6
(IL-6) and interleukin-15 (IL-15) secreted by muscles can move into the surrounding
tissue and bloodstream (2) and regulate the metabolic activity of multiple organs, such
as the liver, adipose tissue, and the muscle itself (3). Besides, muscles produce brain-derived
neurotrophic factor (BDNF), a neurotrophic factor that supports growth, survival, and
differentiation of neurons (4). Moreover, irisin, another myokine secreted by muscles,
can cross the blood—brain barrier, supporting brain activity (5) and promoting neurogen-
esis (6). Additionally, muscle releases extracellular vesicles (EVs), including exosomes (7).
Muscle-secreted exosomes act as intercellular messengers by delivering proteins and nucleic
acids, including microRNA (miRNA) cargoes (7). In vivo studies have shown that levels
of myokines and exosomes in plasma and muscle increase with sustained exercise (2, 8).
Intriguingly, myokines and exosomes collected from plasma have thus the potential to
reduce and ameliorate neurodegenerative diseases, including Alzheimer’s disease (9, 10).

There is increasing evidence that patients with muscular dystrophy and neuromuscular
disorders often experience multiorgan dysfunction and immune system failure (11-13).
For instance, patients with myotonic dystrophy frequently encounter pulmonary and car-
diac impairments (14). Additionally, aged individuals with sarcopenia present a higher risk
of developing infections, possibly due to disruptions in normal muscle-derived soluble
factors (15). Cognitive dysfunction has also been observed in patients with amyotrophic
lateral sclerosis (ALS) (16) and Duchenne muscular dystrophy (17). These complications
are likely attributed to abnormal secretion of myokines and muscle-derived exosomes
following muscle damage. However, the underlying mechanisms behind these observations
are not yet well understood. Considering that these diseases often involve neuronal den-
ervation, the question naturally arises: How do motor neuron innervation and firing reg-
ulate secretion and bioactivity of muscle-derived factors?

PNAS 2024 Vol.121 No.19 e2313590121

https://doi.org/10.1073/pnas.2313590121

Significance

Skeletal muscle secretes important
biomolecules and vesicles, known
as exosomes, that can affect how
brain cells function. However, how
nerve signals control muscle
secretion, through a connection
called the neuromuscular junction,
is not completely understood. Our
research bridges this gap using a
tissue model representing the
neuron-muscle interface.
Stimulated by nerve impulses,
skeletal muscles secrete higher
levels of substances such as irisin,
a hormone, and exosomes that
contain more diverse microRNA
cargos. These muscle-derived
factors foster the growth of
neuronal connections,

enhance signal transmission

along the axons, and improve
communication between brain
cells. This study highlights the role
of nerve stimulation in muscle
secretions and offers a method for
producing substances that
support brain development and
function.

Author contributions: K.-Y.H. and H.K. designed
research; K.-Y.H., M.S,, Y.C,, A.CW., CH., JW.M, J.L, Y.T.,
Y.-H.D., A.E.-M., Z.D., X.Z., and S.K. performed research;
Q.C, JVS, S.GI, RB, HJ.C, GP, M.UG., and M.G.
contributed new reagents/analytic tools; K.-Y.H., G.U.,
Y.A, M.S., GJ.P.-D., and C.H. analyzed data; and K.-Y.H.,
G.U, HJ.C, M.G,, and H.K. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
hjkong06@illinois.edu.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2313590121/-/DCSupplemental.

Published April 29, 2024.

10f 12


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hjkong06@illinois.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2313590121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2313590121/-/DCSupplemental
https://orcid.org/0000-0002-1093-2093
https://orcid.org/0000-0002-0873-0775
https://orcid.org/0000-0002-4383-8773
https://orcid.org/0000-0002-4943-2993
https://orcid.org/0000-0003-0660-182X
https://orcid.org/0000-0003-4958-2737
https://orcid.org/0000-0002-1968-441X
https://orcid.org/0000-0003-3107-9922
https://orcid.org/0000-0002-8296-8095
https://orcid.org/0000-0003-3645-2626
https://orcid.org/0000-0003-2129-379X
mailto:
https://orcid.org/0000-0003-4680-2968
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2313590121&domain=pdf&date_stamp=2024-4-26

Downloaded from https://www.pnas.org by "UNIVERSITY OF ILLINOIS URBANA CHAMPAIGN, BIOLOGY LIB E" on May 10, 2024 from IP address 130.126.9.203.

Two-dimensional (2D) skeletal muscles engineered in vitro have
been employed for studying muscle secretion. In particular, elec-
trical stimulation (18) was applied to induce contractions, thereby
probing the effect of muscle activity on secretion activities (19).
However, these platforms overlook the crucial role of neuromus-
cular junctions (NM]Js), which are fundamental to the physiolog-
ical function of muscles. The NM]J is a chemical synapse formed
between a motor neuron and a muscle fiber. At this junction, the
nerve impulse triggers the release of neurotransmitters from the
motor neurons. These neurotransmitters bind to the postsynaptic
receptors on the muscles, leading to muscle contraction while also
supporting maintenance of muscle homeostasis (20). At the same
time, the muscle sends retrograde signals to motor neurons to
maintain the NMJ plasticity (21). Therefore, neural denervation,
observed in aging, chronic inflammation, and various muscular
diseases, inevitably leads to muscle weakening (22).

To address these overlooked aspects of NMJ, there has been a
growing focus on engineering neuron-innervated skeletal muscle
in vitro (23). For instance, researchers have assembled microfluidic
platforms to induce innervation of optogenetic motor neurons to
myoblasts-derived muscle, where each tissue was initially compart-
mentalized (24). Additionally, both 2D and three-dimensional neu-
romuscular platforms have been developed to study intercellular cross
talk during innervation and neuron-fired actuation (25-27). However,
these models have not yet been utilized to investigate how neuronal
innervation and firing affect secretion yield, composition, and bio-
logical consequences of muscle-derived myokines and exosomes.

In this study, we hypothesize that neuronal innervation and firing
regulate secretion, composition, and bioactivity of muscle-secreting
myokines and exosomes. This hypothesis was examined by using a
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neuromuscular engineered tissue model we recently developed (26).
We recreated a 2D skeletal muscle sheet on a flat or microgrooved
poly(urethane acrylate) (PUA) substrate to modulate neuronal
innervation and muscle function (Fig. 1). The groove width of the
patterned substrate was maintained at 1.6 pm to promote the active
clustering of acetylcholine receptors (AChRs) in muscle, thereby
facilitating neural innervation. Neural stem cells (NSCs) were dif-
ferentiated into motor neurons on top of the muscle sheet to form
NMJs. We evaluated the impact of neural innervation on muscle
contraction and metabolism, myokine-encoding messenger RNA
(mRNA) expression, myokine synthesis, and exosome secretion. In
addition, we profiled exosomal miRNAs from the neuron-free and
neuron-innervated muscle and investigated their effects on neural
development. Furthermore, we assessed the neurotrophic effects of
these muscle-derived factors on branching, intracellular transport,
and spontaneous activities of primary hippocampal neuronal cul-
tured in vitro. Overall, this study highlights the significance of
neural innervation in regulating the secretion of skeletal muscle to
produce neurotrophic myokines and exosomes, which can have
profound implications for in vitro nervous system cultures.

Results

Substrate Topology Regulates Neural Innervation of Skeletal
Muscles. We scaled up our previous neuromuscular platform
(26) to achieve a larger dimension of 1 x 1 cm?. This enlarged
muscle sheet allowed us to obtain sufficient myokines and
EVs for analysis. First, C2C12 and primary myoblasts were
differentiated oneither flator microgrooved PUA substrates prepared
using capillary force lithography (28) (SI Appendix, Fig. S1A).
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Fig. 1. Schematic of creating a neuron-innervated muscle model using a grooved pattern substrate and subsequent analysis of muscle secretory activity.
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The microgrooved substrate presented patterned grooves of 1.6
um width, similar to the cross-sectional diameter of a myofibril
(SI Appendix, Fig. S1B) (29). The resulting myotubes aligned
anisotropically on the microgrooved substrate, as confirmed by
the low dispersion values (S Appendix, Fig. S2). In contrast,
myotubes formed on the flat substrate were oriented randomly.
The aligned myotubes displayed a larger area positive for myosin
heavy chain (MHC) and a higher fusion index than randomly
oriented myotubes formed on flat substrates (Fig. 2 A-C and
SI Appendix, Fig. S3A), confirming that the substrate with
myofibril-like topology is advantageous for myogenesis.

Next, neurospheres derived from NSCs were plated on the muscle
sheet to create neuron-innervated muscles (Fig. 2D and SI Appendix,
Fig. S3B). Within 3 d, cells migrated from the neurospheres and
differentiated into motor neurons. After 8 d of coculture, the for-
mations of NM]J were confirmed with the colocalization of AChRs
labeled with a-Bungarotoxin (a-BTX) and axonal terminals immu-
nostained with an antibody to tubulin beta-3 (TUBB3) (Fig. 2 D
and £ and S/ Appendix, Fig. S3B). Neuron-innervated muscles
formed on the microgrooved substrate expressed higher levels of
AChRs and exhibited a greater number of axon terminals colocalized
with AChR clusters than those on the flat substrate (Fig. 2 Fand G
and ST Appendix, Fig. S3C). Intriguingly, the increases in AChR

expression and colocalization of axon and AChR were more evident

in the primary myoblast-derived myotubes. The innervation between
neurons and muscles was further confirmed with scanning electron
microscopy (SEM) (Fig. 2H). Notably, the neuron-innervated mus-
cle on the microgrooved substrate had a 1.2-fold larger MHC-positive
area and thicker myotubes than the neuron-free muscle (S Appendix,
Fig. S4).

Substrate Topology Modulates the Contraction of Engineered
Neuromuscular Tissues. To evaluate the impact of substrate
topology on NM]J functionality, we examined the ability of motor
neurons to control the contraction of the primary myoblasts-
derived muscle using three conditions: 1) neuron-free muscle
(Neuron-free Muscle), 2) neuron-innervated muscle (Innervated
Muscle), and 3) neuron-innervated muscle incubated with 500
UM glutamate [Innervated Muscle(G)] starting from day 4 of
coculture. Primary myoblasts were used to create the Innervated
Muscle because of their capability for more active neuronal
innervation than C2C12. Glutamate was used to stimulate
motor neurons. The quadrupole time-of-flight electrospray
ionisation mass spectrometry (Q-TOFESI-MS) analysis showed
that the glutamate added to the culture media of the Innervated
Muscle was consumed within 24 h, whereas the glutamate level
in the culture media of Neuron-free Muscle was barely reduced

(SI Appendix, Fig. S5).
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Fig. 2. Effect of substrate topology on recreation of neuron-innervated muscle. (A) Immunofluorescence images of myotubes (MHC, red) and nucleus (DAPI,
blue) of primary myoblasts differentiated on flat and microgrooved (Groove) substrates. (B) MHC-positive area divided by total cell number and (C) fusion index
of C2C12-derived or primary myoblast-derived myotubes. (n =5, *P < 0.05). (D) Immunofluorescence images of the neuron-innervated muscle made with primary
myoblasts. [myotubes (MHC, red), neurons (TUBB3, green), AChRs («-BTX, yellow), and nuclei (DAPI, blue)] (E) Innervation of neuron on primary myoblast-derived
myotube on a grooved substrate. The white arrows indicate the innervation spot of the axonal terminal toward AChR clusters. (F) Relative AChR expression area
on myotubes. (G) Relative colocalization area of axon and AChR on innervated muscles. (n = 3, *P < 0.05, **P < 0.01). (H) Scanning electron microscopy (SEM)
images of the innervated muscle.
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After 8 d of coculture, the Innervated Muscle showed increased
twitching compared to the Neuron-free Muscle (Fig. 34 and
Movies S1 and S2). Quantitative analysis showed that 30% of
muscle sheets twitched locally and feebly without neuronal inner-
vation, as indicated by the scattered blocks marking the faint
contracting area (Fig. 3 A, / and /V and Fig. 3B). On the micro-
grooved substrate, neuronal innervation (Fig. 3 4, V) and dosage
of glutamate (Fig. 3 A, VI) drove 60% of the muscle sheet to
contract (Fig. 3B) and increased displacement per stroke by 10%
(Fig. 3C). In contrast, the muscle sheet formed on the flat sub-
strate exhibited minimal changes in contraction, regardless of
coculture with NSCs (Fig. 3 A4, /1) and glutamate exposure (Fig. 3
A, IT]). In addition, the muscle sheet formed on the flat substrate
exhibited a more considerable variance in the contracting area
than the microgrooved substrate when cocultured with NSCs
(Fig. 3B).

More interestingly, muscle sheets on the microgrooved substrate
contracted anisotropically along with the groove direction, while
muscle sheets on the flat substrate contracted in random directions
(Fig. 3D). Neuronal innervation and glutamate stimulation further

enhanced the synchronized anisotropic contraction of myotubes
on the microgrooved substrate, as displayed by the continuity of
contracting blocks. Additionally, neuronal innervation and gluta-
mate stimulation increased the average contraction frequency from
0.6 to 1.3/s on the microgrooved substrate (Fig. 3E). Moreover, the
variation in the contraction frequency between samples decreased
when Innervated Muscles were exposed to glutamate.

Neuronal Innervation Increases Myokine-Encoding MRNA
Expression and Secretory Activity of Skeletal Muscles. We
evaluated the extent to which neuronal innervation regulates
myokine synthesis and secretory activity of the skeletal muscles
using the three conditions noted above. We focused on analyzing
biomolecules that have an impact on muscle growth and neural
development, including IL-6, IL-15, BDNE and fibronectin
type III domain-containing protein 5 (FNDCS5) (the precursor
of irisin) (30) (Fig. 4A).

The Innervated Muscle expressed higher levels of IL-6, IL-15,
and BDNF-encoding mRNA than Neuron-free Muscle (Fig. 4
A, I-IT]). The mRNA expression levels were further increased
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Fig. 3. Analysis of muscle contraction of Neuron-free Muscle, Innervated Muscle, and Innervated Muscle(G), created on a flat and a microgrooved (Groove)
substrate. (A) Visualization of the muscle contraction on the flat and the grooved substrate. Size of the view: 299.5 pm x 224.6 pm. The z value represented the
number of contractions in each block per second. (B) Percentage of contracting myotubes. (C) Relative contraction displacement of myotubes. The “y” value
was normalized to the value of Neuron-free Muscle on the flat substrate. (D) Direction of muscle contraction 90 and 270 degrees were aligned with the grooved
pattern direction. (E) Average contraction frequency of the muscles (n=3, *P < 0.05, **P < 0.01).
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when the Innervated Muscle was exposed to glutamate. These
increases were more significant with muscle formed on the
microgrooved substrate. Particularly on the microgrooved sub-
strate, stimulating Innervated Muscle with glutamate increased
IL-6, IL-15, and BDNF-encoding mRNA expression levels by
2.7-fold, 4.8-fold, and 3.2-fold, respectively, compared to the
Neuron-free Muscle on the flat substrate. The FNDC5-encoding
mRNA expression level in muscle was also increased with neu-
ronal innervation and glutamate-triggered stimulation by
1.7-fold and 2.0-fold, respectively. (Fig. 4 A, IV). To confirm
that the changes in mRNA expression were primarily attributed
to muscle cells, the same number of NSCs used for innervating
muscle was plated and differentiated on the PUA substrate.
Protein and RNA quantities in NSC-derived neural cells were
measured relative to monocultured muscle cells. Protein levels
in NSC-derived neural cells were 7.5-fold lower, and RNA levels
were 13.7-fold lower compared to those in muscle cells
(SI Appendix, Fig. S6). The extracted mRNA quantity from neu-
ral cells was insufficient to ascertain the cycle threshold (Ct) for
IL-6, IL-15, BDNE, and FNDC5-encoding mRNAs, even after
40 amplification cycles, while the housekeeping gene GAPDH
only reaching a Ct value of 27.

We further examined whether the myokine gene expression is
related to muscle energy metabolism by measuring the gene expres-
sion of peroxisome-proliferator-activated receptor y coactivator la
(PGC-1a) in the muscles (Fig. 4B). On the microgrooved substrate,
neuronal innervation to the muscle increased the PGC-1a-encoding
mRNA expression level by 1.5-fold compared to the neuron-free
muscle. Additionally, glutamate stimulation increased the PGC-1a-
encoding mRNA expression level in the Innervated Muscle by
2.5-fold. Consequently, the expression levels of IL-6, IL-15, BDNE
and FNDC5-encoding mRNA in the muscles showed a strong pos-
itive correlation to the PGC-1ae mRNA level (Fig. 4C). However,
correlations between the mRNA expression levels of 1L-6, IL-15,
and BDNF and that of PGC-1a were markedly weaker in muscles
cultured on flat substrates (S Appendix, Fig. S7).

Next, we examined the intracellular IL-6, BDNE and irisin
levels of the cells cultured on the grooved substrate due to their
potential roles in regulating neurogenesis and neural function (4,
31). Innervated Muscle(G) exhibited increased levels of IL-6 and
irisin, but not the intracellular BDNF, compared to Neuron-free
Muscle (SI Appendix, Fig. S8). We further evaluated the secretion
levels of these myokines in the cell culture media and normalizing
them to the total intracellular protein concentration. Only irisin
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was detectable in the culture media, while IL-6 and BDNF con-
centrations were below the detection limit (Fig. 4D). The
Innervated Muscle exhibited a 45% higher irisin secretion than
the Neuron-free Muscle. Furthermore, glutamate stimulation ele-
vated the irisin secretion level of the Innervated Muscle by 62%.
In parallel, we measured the secreted irisin concentration in the
culture media of NSC-derived neurons. Neurons secreted a lower
level of irisin than the Innervated Muscles, regardless of the expo-
sure to glutamate. Given that the cell number and intracellular
protein of NSCs in the Innervated Muscle were significantly lower
than muscle cells, we concluded that the increases in intracellular
proteins and secreted protein of the muscles were mainly influ-
enced by neuronal signals.

Neuronal Innervation Modulates Exosome Secretion of Skeletal
Muscles. We investigated the effects of neuronal innervation and
glutamate on the secretion of exosomes from the skeletal muscles.
Exosomes secreted from muscles cultured on the microgrooved
substrate were confirmed by transmission electron microscopy
(TEM) (SI Appendix, Fig. S9A). The average hydrodynamic
diameter of the exosomes was determined to be 79 nm, ranging from
30 to 280 nm, using nanoparticle tracking analysis (S Appendix,
Fig. S9B). Intriguingly, neuronal innervation resulted in a 1.8-
fold increase in exosome secretion compared to the Neuron-free
Muscle (Fig. 5A4). Furthermore, glutamate stimulation doubled
the exosome secretion from the Innervated Muscle. In addition,
media from NSC-derived neurons showed a comparable exosome
concentration to the Neuron-free Muscle, regardless of glutamate
addition. We assessed the cellular origin of exosomes from the
Innervated Muscle by analyzing desmin expression, a muscle-
specific protein, using liquid chromatography-mass spectrometry.
Exosomes from both Neuron-free Muscle and Innervated Muscle
contained identical amounts of desmin, while exosomes from
NSC-derived neuron cultures had negligible amounts of desmin
(SI Appendix, Fig. S9C). This result indicated that the exosomes
secreted from the Innervated Muscle were predominantly derived
from muscle cells.

To examine the effect of neuronal innervation on miRNA car-
goes in the exosomes, we also conducted whole miRNA sequenc-
ing. Among a total of 467 identified miRNAs (S/ Appendix,
Fig. S9D and Dataset S1), we focused on the miRNAs accounting
for 95% of the total read (Fig. 5B). The sequencing results revealed
that miR-1 and miR-206 were predominantly expressed in the
exosome. This aligned with a previous report which referred to
these miRNA as “myomiRs”, noting their high expression levels
in skeletal muscle (32). Notably, exosomes secreted by the
Innervated Muscle(G) presented a 1.8-fold larger number of
miRNA types in the top 95% read (40 miRNA) than those
secreted by the Neuron-free Muscle (22 miRNA). We further
estimated the potential effects of these miRNAs on gene expression
using the miRTarBase database. Collectively, 2,643 genes were
predicted to be affected by the 40 miRNAs present in the exosomes
released by the Innervated Muscle(G), while 1,228 genes were
affected by the 22 miRNAs found in the exosomes from the
Neuron-free Muscle (Dataset S1).

To gain insights into the biological processes regulated by genes
that are affected by these miRNAs, we performed miRNA func-
tional analysis using miRNet (33) and GO enrichment analysis.
The resulting miRNA-target gene networks revealed connections
to nervous system development (represented by yellow and green
circles) and muscle development (represented by red and green
circles) (Fig. 5C). The target network associated with exosomes
secreted by the Innervated Muscle(G) (Fig. 5 C, II) was more
extensive than that of the Neuron-free Muscle (Fig. 5 C, 1) due
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to the diversity of miRNA content. The proximity visualization
highlighted miRNAs targeting similar gene clusters, such as the
let-7 family, miR-1a-3p, and miR-206-3p. Among these miR-
NAs, mmu-let-7b-5p, mmu-miR-149-5p, mmu-miR-24-3p,
mmu-miR-26a-5p, mmu-miR-466i-5p, mmu-miR-9-5p showed
significant effects on targets related to nervous system develop-
ment (43 targets), while mmu-miR-24-3p, mmu-miR-466i-5p,
and mmu-miR-9-5p had a notable impact on targets involved in
muscle development (16 targets). Detailed information on the
affected biological processes pertaining to nervous system devel-
opment and muscle development is shown in Fig. 5D. The miR-
NAs in the exosomes derived from the Innervated Muscle(G)
showed higher significance in regulating these biological pro-
cesses, such as brain development, transmission of nerve impulse,
and striated muscle tissue development. Additionally, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis
was applied to examine the biologic effect of these miRNAs.
Notably, miRNAs in exosomes from the Innervated Muscle(G)
demonstrated more significant enrichment in specific pathways,
including the PI3K-Akt, nTOR, and AMPK signaling pathways
that govern cellular metabolism, cell growth, and proliferation
(34) (Fig. 5E). Other enriched pathways include the glutamater-
gic synapse and axon guidance pathways, which are crucial in
modulating the formation of neural network connections, syn-
aptic transmission, and plasticity (35). Throughout this analysis,
we compared the expression level of the top 95% read miRNA
in exosomes between the Neuron-free Muscle and the Innervated
Muscle(G) (Fig. 5F). Interestingly, 10 miRNAs involved in nerv-
ous system and muscle development processes were up-regulated
by neuronal innervation and glutamate stimulation.

Effects of Innervated Muscle-Conditioned Media on Neural
Phenotype and Activity. We evaluated the paracrine effects
of muscle-secreted myokines and exosomes on neurogenesis,
intracellular transport, and neuron-firing activities of primary rat
hippocampal neurons. Conditioned media of the muscle models
created on the microgrooved substrates were added separately to
primary rat hippocampal neurons, which had been precultured
in the basal neural media for 14 d (Fig. 64). The concentrations
of irisin and exosome in the conditioned media were quantified
(SI Appendix, Fig. S10). After 7 d, primary cells cultured with the
Innervated Muscle and Innervated Muscle(G) media increased
the number of microtubule-associated protein 2 (MAP2)-positive
neurons compared to those cultured with Neuron-free Muscle
medium (Fig. 6B). Consequently, the Innervated Muscle and
Innervated Muscle(G) media increased the ratio between neuron
and glial fibrillary acidic protein (GFAP)-positive astrocyte by
threefold and sixfold, respectively, compared with Neuron-free
Muscle medium (Fig. 6C). In addition, neurons incubated in the
Innervated Muscle(G) medium displayed more primary dendrites
than those incubated in the Neuron-free Muscle medium
(Fig. 6D).

The conditioned media influenced the axonal transport of intra-
cellular substances, as measured using a label-free quantitative
phase imaging module called spatial light interference microscopy
(SLIM) (36) (Fig. 6E and Movie S3). The intracellular transport
of substances including vesicles plays a critical role in the growth
of neurites and synaptogenesis (37). When neurons were cultured
with the medium from the Innervated Muscle, the mean advection
velocity of intracellular substances transported in neurites increased
by 10% compared to neurons cultured with the Neuron-free
Muscle medium (Fig. 6F). The mean advection velocities of sub-
stances further increased by 24% when neurons were cultured in
the Innervated Muscle(G) medium (Fig. 6F).
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Further analysis was conducted to investigate the potential
mechanisms affected by the muscle-conditioned media in regulat-
ing neural development. The expression levels of genes targeted by
specific miRNAs and genes related to neuronal activity in hip-
pocampal neurons were analyzed. The RT-PCR analysis revealed
that seven neurogenesis-suppressing genes were significantly
down-regulated in neurons cultured with the Innervated Muscle(G)
medium, compared to the Neuron-free Muscle medium (Fig. 6G).
Downregulation of mRNAs encoding FGFR1, FOXG1, FOXP1,
and FOXP2, known to be inhibited by miR-9, promotes neural
differentiation, migration, and outgrowth (38-40). Furthermore,
the observed inhibition of JAG1, a target of miR-124, is associated
with enhanced neurogenesis (41). In addition, the downregulation
of KIF1A, inhibited by miR-101or miR-466i-5p, is beneficial for
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red circles. Genes regulating both
nerve and muscle development
were marked with green circles.
(D) Enriched nervous system and
muscle development-related bio-
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or Innervated Muscle(G). (F) Heat
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sion between the Neuron-free
Muscle and Innervated Muscle(G)
(P-value < 0.05, n = 3). The color
key indicates the fold change of
miRNA expression; red indicates
upregulation, and blue indicates
downregulation.

0 7
-log(p-value)

juawdojanaq wayshg snonsaN
juswdojaaaq ajasNIA

synapse function, and the downregulation of PUM2, inhibited by
miR-9 or miR-129-5p, is advantageous for dendritic growth (42).
Notably, miR-9-5p, miR-466i-5p, and miR-129-5p were more
abundant in exosomes derived from the Innervated muscle(G) than
those from the Neuron-free Muscle (Fig. 5F). Separately, EGR1,
a critical mediator of synaptic plasticity and neuronal activity (43),
was up-regulated by 3.6-fold when neurons were cultured with
conditioned media from the Innervated Muscle(G) compared to
the Neuron-free Muscle.

‘We further examined the extent to which muscle-derived con-
ditioned media modulate spontaneous network activities of pri-
mary rat hippocampal neurons using multielectrode arrays (MEA)
recording (Fig. 7A4). After 11 d in the conditioned media, neurons
incubated with the Innervated Muscle(G) medium showed a
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higher number of spontaneous firings than those incubated with
the Neuron-free Muscle medium (Fig. 7B). The raw signals were
further filtered to confirm they originated from neural impulses
(SI Appendix, Fig. S114). Neurons cultured in the Innervated
Muscle(G) medium showed active signals across electrodes within
a chosen time window, whereas neurons cultured with the
Neuron-free Muscle medium rarely exhibited spikes (Fig. 7C).
We further characterized the neural activity by measuring the
mean firing rate (Fig. 7D), maximum firing rate (Fig. 7E), and
number of active electrodes (Fig. 7F). Neurons cultured with the
Innervated Muscle(G) medium displayed continuous increases in
all three variables over 11 d. In contrast, neurons cultured with
Neuron-free Muscle medium underwent decreases in firing activ-
ities and number of active electrodes after 3 d. We also quantified
the correlation among the electrodes of MEAs to estimate neural
networks’ underlying connectivity. A high correlation value
between pairs of electrodes signifies dependence and synchronicity.
Neurons cultured with the Neuron-free Muscle medium showed
poor correlations due to sporadic and asynchronous firings (Fig. 7
G, Iand 7). A small signal cluster observed in Fig. 7 G, 1] suggests
a strong correlation among adjacent electrodes, potentially due to
the signal from the same neuron or a local cluster of neurons.
Additionally, the single cluster might reflect the formation of con-
fined neuronal networks within hippocampal neurons cultured in

https://doi.org/10.1073/pnas.2313590121
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the Neuron-free Muscle medium. In contrast, the correlation of
neurons cultured with the Innervated Muscle(G) medium became
more pronounced after 11 d (Fig. 7 G, IIl and 1V). Interestingly,
the neurons cultured with the conditioned media exhibited delta
(1 to 4 Hz), beta (11 to 30 Hz), and gamma (30 to 140 Hz)
oscillations, associated with the signal processing for memory
storage and retrieval (S Appendix, Fig. S11 B and C) (44, 45).
Furthermore, we evaluated the impacts of purified exosomes
and proteins from the conditioned media derived from Innervated
Muscle(G) on neural functionality by dosing these factors to pri-
mary hippocampal neurons cultured on MEAs. Similar to condi-
tioned media, both exosomes and proteins significantly boosted
the spontancous neuronal network activity, as exhibited by
increases in average and maximum ﬁring rates, along with a greater
number of active electrodes, as shown in SI Appendix, Fig. S11D.
Enhanced synchronicity of the neuronal network was also observed
through increased correlations between electrodes (SI Appendix,

Fig. S11E).

Discussion

This study demonstrates that neuronal innervation plays a key role in
stimulating the secretion activity of skeletal muscle using a neuromus-
cular tissue model. This tissue model was created by differentiating
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skeletal myoblasts on a microgrooved substrate in which the width
of individual microgroove closely resembled the diameter of myofi-
brils. In our previous study, we examined the influence of substrate
topography on NM] formation by coculturing skeletal muscle with
NSCs on substrates featuring groove widths of 200 nm, 800 nm,
and 1,600 nm, as well as on flat substrates. Notably, skeletal muscle
cultured on substrates with patterned grooves exhibited an increased
expression of AChRs, particularly on substrates with 1,600 nm
grooves (26). A subsequent study supported these findings by
demonstrating that substrates with grooved patterns enhanced the
expression of integrin o7 and the AChR e-subunit, thereby promot-
ing AChR clustering and facilitating the assembly of human NM]Js
(46). Consequently, the grooved-patterned substrate serves as a piv-
otal component to investigate the effects of neuronal innervation on
the skeletal muscle function. Our results showed that the Innervated
Muscle cultured using anisotropically aligned myofibers formed on
the microgrooved substrate responded more effectively to glutamate
compared to the Innervated Muscle recreated with randomly ori-
ented myofibers formed on the flat substrate. We propose that this
isattributed to the increased number of postsynaptic AChR clusters
that guide neural innervation and subsequently increase the forma-
tion of NMJs.

By comparing the Neuron-free Muscle and the Innervated
Muscle, we could analyze the impact of neuronal innervation on
the neurotrophic myokines gene expression. Neuronal innervation
up-regulated the expression of mRNAs encoding myokines such

PNAS 2024 Vol.121 No.19 e2313590121

as IL-6, IL-15, BDNE and FNDCS5, resulting in increased protein
synthesis. These mRNA expressions were further up-regulated
when the Innervated Muscle was stimulated with glutamate.
Glutamate stimulation of the Innervated Muscle also up-regulated
the expression of PGC-1a, a transcriptional coactivator that reg-
ulates the genes involved in mitochondrial bioenergetics, metabolic
function, and myokine synthesis (47, 48). PGC-1la also plays a
role in maintaining and remodeling NMJs (49). Therefore, we
propose that neuronal firing induces muscle contraction and mod-
ulates the bioenergetic metabolism within the innervated muscles,
thus up-regulating cellular pathways governing the transcription
of myokine genes such as PGC-1a. The up-regulated PGC-1a
expression and increased irisin secretion in glutamate-triggered
neuromuscular contraction is in accordance with previous studies
showing the involvement of PGC-1a in regulating ENDCS5, which
is subsequently cleaved and secreted as irisin (5). Interestingly, these
up-regulated expressions of myokine and PGC-la-encoding
mRNAs and increased secretion of myokines and exosomes were
more evident in the Innervated Muscle cultured on the grooved
substrate than the flat substrate. Therefore, engineering of substrate
topology is critical for creating the neuron-innervated muscle to
produce neurotrophic factors.

Our study also revealed that Innervated Muscle(G) increased
secretion of exosomes carrying miRNA cargoes involved in the
nervous system development. Exosomes are cell-derived EVs con-
taining various RNA species, proteins, peptides, and metabolites

https://doi.org/10.1073/pnas.2313590121
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that regulate physiological and pathological processes in biosystems
(50). Previous studies have shown that muscle contraction and
physical activity elevated exosome concentration in circulation after
exercise (51, 52) and altered miRNA content in circulating
exosomes, thereby influencing the development and homeostasis
of skeletal muscle and neurons (42). Several in vivo experiments
reported that up to 5% of the exosomes in plasma were derived
from skeletal muscle (53). These exosomes included muscle-enriched
miRNAs, such as miR-1, miR-133, miR-206, and miR-208, which
contribute to NM]J formation and maintenance (54). However,
underlying mechanisms by which neuron—muscle interface plays a
role in regulating exosome secretion require further investigation.

Our analysis, using the Neuron-free Muscle and the Innervated
Muscle(G), demonstrated that glutamate-triggered neuronal sig-
nals to skeletal muscle significantly contribute to the enrichment
of diverse miRNA cargos in muscle-derived exosomes. Notably,
the most abundant miRNA, miR-206, is associated with neuro-
protective effects in seizure-induced brain injury, ALS, and various
neuromuscular disorders (55-57). Additionally, miRNAs such as
miR-206 and miR-1 are crucial in skeletal muscle development
and related pathologies (58, 59). The up-regulated expression of
miRNAs in the Innervated Muscle(G)-derived exosomes such as
miR-9-5p and let-7 have been reported to modulate the biological
process of neurogenesis and synaptic plasticity (60, 61). Let-7 also
regulates NSC proliferation and differentiation (62) and central
nervous system development (63). Although PGC-1a overexpres-
sion in skeletal muscle is reported to alter exosomal cargos (64),
the mechanism by which neuronal innervation and myokines
modulate exosome secretion yield should be investigated further.
In this regard, the Innervated Muscle will serve as a valuable model
to investigate how muscles regulate exosome packaging and release
in response to neuronal signaling.

Additionally, primary rat hippocampal neurons cultured with
the conditioned medium of the Innervated Muscle(G) exhibited
an increased neuron-to-astrocyte ratio, branching of neurites,
intracellular mass transport in the axons, and neuronal firing.
These enhancements in neurogenesis and spontaneous network
activity can be attributed to the increased secretion of neuro-
trophic factors. We validated this hypothesis by adding the puri-
fied proteins and exosomes from the conditioned media to the
hippocampal neuron culture and demonstrating the promoted
neuronal network activity. Previously, peripheral delivery of
ENDC5-encoding viral vectors to the liver was shown to elevate
the plasma irisin level, inducing higher expression of neuroactive
genes in the hippocampus (5). Further, FNDC5-facilitated neu-
rogenesis was confirmed by transduction-induced overexpression
of FNDCS5 in mouse embryonic stem cells, enhancing neural
precursor and neuron markers at a differentiation state (6).
Another study demonstrated that exosomes from induced pluri-
potent stem cell-derived neurons increased the proliferation of
neuronal cells in the hippocampal dentate gyrus (65). These find-
ings collectively highlight the potential role of muscle-derived
irisin and exosomes as intercellular communicators for regulating
neuron development.

In summary, this study demonstrated, through an in vitro neu-
romuscular tissue model, that neuronal innervation and firing play
an important role in regulating muscle metabolism, promoting the
expression of neurotrophic myokine-encoding mRNAs, and
increasing the secretion yield and neurotrophic activity of myokines
and exosomes. In response to glutamate, the Innervated Muscle
produced a higher level of irisin and a wider array of neurotrophic
miRNAs enclosed in exosomes than muscle without neurons. These
biological factors promoted axonal transport, firing activity, and
synchrony of primary hippocampal neurons cultured in vitro,
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illuminating the crucial role of neuron—muscle interface in cross
talk between skeletal muscle and brain cells. We propose that this
finding provides invaluable perspectives on how neuronal innerva-
tion or its absence may influence the interplay between exercise
and muscle secretion, although further research will be needed to
investigate the combined effects of neuron—muscle interface and
exercise on secretion. We further envisage that this neuromuscular
model will be instrumental in investigating changes in muscle secre-
tion associated with neuromuscular diseases using patient-derived
stem cells. This platform is poised to produce neurotrophic factors
critical to developing and maintaining nervous systems in vitro.

Materials and Methods

Culture of Primary and C2C12 Myoblasts for Myogenic Differentiation. The
PUA substrates were fabricated using capillary force lithography (28). The detailed
fabrication procedures were described in Supporting Information. PUA substrates
were cutinto Tcm x 1 cm, sterilized with 70% ethanol, and washed with phos-
phate buffer saline (PBS). The substrates were coated with 0.2 mg/mL Matrigel
(Corning) and 0.2 mg/mL collagen in PBS for 1 h at room temperature. C2C12
myoblasts (American Ty/g;e Culture Collection) were plated on the PUA substrates
atthe density of 4 x 10* cells cm ™ and incubated in growth medium [10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin (PS) in DMEM (Dulbecco's
Modified Eagle Medium)]. Separately, primary myoblasts (detailed information
of primary myoblast isolation was provided in S/ Appendix) were plated on the
substrates at the density of 10 x 10* cells cm™?and cultured in primary myoblast
medium (20% FBS and 10% v/v AmnioMAX C-100 supplement in DMEM/F12).
After 3 d of proliferation, both C2C12 myoblasts and primary myoblasts were incu-
bated with differential medium[10% horse serum (HS), 1% PS, 1% L-glutamine]
for another 7 d to differentiate into myotubes. The cells were incubated at the
condition of 5% CO, and 37 °C. All cells were used below passage 5.

Culture of NSCs for Neurosphere Formation. Following the manufacturer's
protocol, mouse NSCs (R&D Systems) were expanded in the form of neurospheres.
Briefly, NSCs were incubated in DMEM/F12 medium supplemented with 1% N-2
MAX Media supplement (R&D Systems), 1% PS, 1x basic recombinant human fibro-
blast growth factor (bFGF) (R&D Systems), and 1x epidermal growth factor (EGF)
(R&D Systems) for 5 d. Fresh EGF and bFGF were added to the medium daily. After
5d of culturing, the NSCs-derived neurospheres were cultured in neural differential
medium (1% N-2 MAX Media supplementand 1% PS in DMEM/F12)foranother 3 d.

Coculture of Myotubes and Neurospheres to Make Neuromuscular Tissue.
To create the neuron-innervated muscle, C2C12 myoblasts or primary myoblasts
were plated on the PUA substrates and differentiated to form a myotube layer,
as described above. Then, the differentiated NSC-derived neurospheres were
collected and seeded on top of the muscle layer. The ratio of muscle cells and NSCs
used for coculture was 6 to 1.The cells were incubated with the neural differential
medium overnight. The next day, the medium was replaced with the coculture
medium (neural differential medium supplemented with 2% HS) for another 8 d.

Immunofluorescence Analysis.

Immunofluorescence staining of myotubes. After 7 d differentiation, myotubes
derived from C2C12 myoblasts or primary myoblasts were fixed with 4% w/v
paraformaldehyde (Sigma) in PBS for 15 min, permeabilized with 0.1% v/v
Triton X-100 (Sigma) in PBS for 5 min, and blocked with 2% bovine serum albu-
min (Sigma) in PBS for 45 min at room temperature. After blocking, myotubes
were incubated with MF-20 anti-MHC (1:300) (iT FX, Developmental Studies
Hybridoma Bank) at 4 °C overnight. The next day, the cells were rinsed with PBS
three times, and MHC was labeled with Alexa Fluor-594 goat anti-mouse IgG
(Invitrogen) (1:500) at room temperature for 1 h. Last, the nuclei were stained
with DAPI (Sigma) (1:500) at room temperature for 5 min. The samples were
imaged with a confocal microscope, LSM 700 (Carl Zeiss). The MHC-positive area
was quantified with ImageJ by counting the area of Alexa Fluor 594 signals. The
fusion index was quantified by calculating the ratio of the number of nuclei in
myotubes to the total number of nuclei.

Immunofluorescence staining of neuron-innervated muscles. After an 8 d
coculture, the neuron-innervated muscles were fixed, permeabilized, and blocked
as previously described. After blocking, the samples were primarily stained with
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MF-20 anti-MHC(1:300) and rabbit monoclonal anti-TUBB3 (Abcam) (1:500) at
4°Covernight.The next day, MHC and TUBB3 were labeled with Alexa Fluor-594
goat anti-mouse 1gG (1:500) and Alexa Fluor-488 donkey anti-rabbit IgG
(Invitrogen)(1:500), respectively, at room temperature for 1 h. AChR were labeled
with o-BTX, Alexa Fluor 647 conjugate (Invitrogen) (1:1,000) at room tempera-
ture for 1 h. Finally, DAPI (1:500) was used to stain the nuclei. The samples were
imaged undera LSM 710 confocal microscope (Carl Zeiss). The AChR-positive area
was quantified with ImageJ. The colocalized area between the axon and AChR
was quantified with the BIOP plugin in ImageJ.

Immunofluorescence staining of primary hippocampal neurons. Primary rat
hippocampal neurons were harvested from Long-Evans BluGill rats on postnatal
day 2.The detailed isolation procedure was provided in Supporting Information.
Neurons were seeded at a density of 3.5 x 10° cell/cm? on the glass-bottom
dish. The glass-bottom dish was coated with 50 pg/mL poly-D-lysine and poly-
L-lysin at room temperature for 1 h and 20 pg/mL laminin at 4 °C overnight.
The neurons were cultured with the neurobasal growth medium, consisting of
Neurobasal-A (Gibco), B27 Plus (Gibco, 2% v/v), GlutaMAX (Gibco, 1% v/v), and
penicillin-streptomycin (Gibco, 1% v/v), for 14 d and incubated with respective
conditioned media for another 7 d. After 7 d incubation, the cells were fixed,
permeabilized, and blocked. The samples were stained with primary antibodies,
rabbit polyclonal anti-MAP2 (Abcam)(1:200), and chicken polyclonal anti-GFAP
(Abcam)(1:1,000) at 4 °C overnight. The next day, MAP2 and GFAP were labeled
with secondary antibodies of Alexa Fluor-488 donkey anti-rabbit IgG (Invitrogen)
(1:500) and Alexa Fluor-594 goat anti-chicken IgY (Abcam) (1:1,000), respec-
tively, for 1 h at room temperature. The nuclei of cells were separately stained
with DAPI (1:500) for 5 min. The samples were imaged by a LSM 700 confocal
microscope (Carl Zeiss).

SEM for Innervation Imaging. After an 8 d coculture, the neuron-innervated
muscles were fixed with 4% paraformaldehyde in 0.1 M potassium phosphate
buffer (PPB) for 1 h at room temperature. After the fixation, the samples were
washed with 0.1 M PPB 3 times. Then, the samples were dehydrated with
ascending ethanol concentration (50%, 70%, 90%, 95%, and 100%) for 10 min
twice in each concentration and dried in a vacuum overnight. The samples were
sputter-coated with gold. SEM imaging was performed using the FEI Helios 600i
dual-beam system.

Analysis of Muscle Contraction. The contraction of skeletal muscle was quan-
tified through custom MATLAB scripts. Frames were divided into subframes, each
containing a single boundary of myotubes. Atracking function detected the move-
ment of the boundary. Each deflection was counted as a contraction in the form
of the peak for downstream analysis. Detailed information regarding the analysis
of contraction frequency, contracting visualization, direction of contraction, and
contraction displacement was provided in S/ Appendix.

mRNA Expression Analysis. RNA from muscles, NSC-derived neural cells, or
primary hippocampal neurons was extracted and purified using the RNeasy Plus
Mini Kit (Qiagen) following the manufacturer's protocol. The RNA concentration
of each sample was quantified using a NanoDrop™ One" Spectrophotometer
(Thermo Scientific). cDNA was synthesized up to 1 pg of RNA using the iScript
cDNA Synthesis Kit (Bio-Rad). The mixture was reacted in a thermal cycler (Bio-Rad
€1000) following the manufacturer's protocol. Two microliters of cDNA was used
for each quantitative polymerase chain reaction (qPCR) using the iTaq Universal
SYBR Green Supermix. The qPCR primers for each target gene are listed in
Sl Appendix, Table S1. gPCR was run with three replicates for each condition on
Light Cycler 480 (Roche) with 40 amplification cycles following the manufacturer's
protocol. Relative gene expression levels were calculated by the AAC, method.
GAPDH was chosen as the housekeeping gene.

Analysis of Protein Concentration. To analyze the intracellular pro-
tein, cells were lysed with RIPA buffer containing 1% of Protease Inhibitor
Cocktail (Sigma), 1% of Phosphatase Inhibitor Cocktail 2 (Sigma), and 1% of
Phosphatase Inhibitor Cocktail 3 (Sigma) on ice for 30 min with intermittent
vortex.The samples were centrifuged at 14,000 g for 15 min, and the superna-
tants were collected for protein analysis. The total intracellular protein amount
was quantified with the Pierce™ BCA Protein Assay Kit (ThermoFisher). The
concentrations of IL-6, BDNF, and Irisin in the supernatant were measured
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using the DuoSet enzyme-linked immunosorbent assay (ELISA) development
systems (R&D Systems). The conditioned media were collected after 24 h of
culture to measure the protein concentration using the DuoSet ELISA kits, as
described above.

Exosome Analysis. Following an 8 d coculture period, cells were exposed to
serum-free coculture medium for 24 h. Exosomes were then extracted from
the supernatant using isolation reagent and centrifugation. Concentrations of
exosomes were measured with NanoSight NS300 (Malvern Instruments), and
exosome morphology was examined with TEM (JEOL2100 Cryo TEM). For miRNA
analysis, RNA was extracted with the Total Exosome RNA & Protein Isolation Kit
(Invitrogen).The RNA libraries were prepared using the QlAseq miRNA Library Kit
(Qiagen) and sequenced with the NovaSeq 6000 Sequencing System (lllumina).
For desmin protein analysis, proteins were extracted, digested, and analyzed with
liquid chromatography-mass spectrometry (Bruker Daltonics). Detailed informa-
tion was provided in S/ Appendix.

Measurement of Glutamic Acid in Conditioned Media. To analyze glu-
tamic acid levels, conditioned media were mixed with isotopically labeled
standards and extraction solution, centrifuged to obtain the supernatant,
which was then dried and reconstituted with a serotonin standard solution.
Microfluidic capillary electrophoresis analysis used a ZipChip interfaced to a
Q-TOF ESI-MS (maXis 4G, Bruker) with a high-speed microfluidic chip (908
Devices), a setup adapted from previous study (66). Detailed information was
provided in S/ Appendix.

Protein Purification from Conditioned Media. For protein purification from
the conditioned media, the media were centrifuged at 300 g for 5 min, followed
by a 3,000 g centrifugation for 20 min, and then centrifugated at 100,000 g for 6 h
at 4 °C to remove exosomes. The resulting supernatants were passed through a
3k MWCO ultracentrifugal filter (MilliporeSigma) at 3,166 g for 40 min at 4 °Cto
eliminate metabolites. Protein concentrations in the concentrated samples were
quantified using a BCA assay.

SLIM Imaging and Dispersion-Relation Phase Spectroscopy (DPS)
Analysis for Axonal Mass Transport. A SLIM system was constructed by
attaching a SLIM module (CellVista SLIM Pro, Phi Optics, Inc.) to one end of
a commercial phase contrast microscope (36). The SLIM module was built as
described previously (67). Upon simple reconstruction technique, quantitative
phase images are acquired. DPS analysis was performed on acquired time-
sequential phase images to extract the mean advection velocity associated with
vesicles (68). The primary hippocampal cells were cultured on the glass-bottom
dish as previously described. After 7 d incubation in conditioned medium,
live cells were imaged under SLIM to record the intracellular mass transport
activity. The axon regions were segmented for DPS analysis to acquire the mean
advection velocity.

Multielectrode Array (MEA) Analysis. Dissociated hippocampal neurons were
plated on MEA(60MEA200/30iR-Ti, multichannel systems) to measure the elec-
trophysiological activity. The MEAs were coated with 100 pg/mL poly-D-lysine and
poly-L-lysin at room temperature for 3 h, and with 20 pg/mLlaminin overnight.
Cells were seeded on the MEAs at a density of 4,800 cells/mm? and cultured in
the neurobasal medium for 14 d. Starting on the 15th day, the medium was
switched to the respective condition medium and maintained for 11 d. For testing
the effect of innervated muscle-derived proteins and exosomes, the medium
was switched to the neurobasal medium supplemented with purified proteins
(0.3 mg/mL) or exosomes (10® exosome/mL) and maintained for 7 d. The elec-
trophysiological activity for each MEA was recorded for 5 min every alternate day
using a 64-channel open-source acquisition board (69) with an open-source
recording platform (70). Postprocessing of the data was performed using an
open-source electrophysiology package, MiV-0S (71). Detailed information for
data processing was provided in S/ Appendix.

Statistical Analysis. Averaged data were presented as mean = 1 SD. The statis-
tical analyses between pairs of experimental population were performed using
nonpaired Student's ttest or one-way ANOVA with Tukey's post hoc test. Statistical
differences were considered significant at a P-value < 0.05 (*P < 0.05 and
**P <0.01).
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Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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