© 2021 Collin Kaufman



EMERGENCE OF FUNCTIONAL NEUROMUSCULAR JUNCTIONS IN AN ENGINEERED,
MULTICELLULAR SPINAL CORD-MUSCLE BIOACTUATOR

BY

COLLIN D. KAUFMAN

B.S., University of Maryland at College Park, 2014

DISSERTATION

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy
in the Neuroscience Program
in the Graduate College
of the University of Illinois, Urbana-Champaign, 2021

Urbana, lllinois
Doctoral Committee:

Professor Martha U. Gillette, Chair
Professor Rashid Bashir

Professor Rhanor Gillette
Professor Taher Saif



ABSTRACT

A novel, engineered platform for the co-culture of 3D muscle strips innervated by an
intact spinal cord central pattern generator (CPG) is a significant advancement over traditional
2D cell culture, allocellular biological robots, and as a translational platform for pharmacological
testing. Development of this platform requires an interdisciplinary approach bridging fields as
diverse as tissue engineering, nanotechnology, materials science, and soft robotics. We
confirmed the presence of robust neuronal and glial growth from a cultured segment of intact
lumbar spinal cord. For the first time, we also demonstrated the sustained electrical activity of a
cultured spinal cord out to approximately 2 weeks in vitro. At 0 DIV, the spinal cord was highly
active at baseline and the addition of glutamate reduced the overall firing rate at both 10 uM and
200 uM doses. By ~7 DIV, the spontaneous firing at baseline was greatly reduced, but the spinal
cord still became highly active in response to both low and high doses of glutamate. At ~14 DIV,
spinal cords did not exhibit spontaneous firing at baseline or respond to a low dose of glutamate.
However, a high dose of glutamate initiated robust electrical responses with a clear bursting
pattern indicative of a pattern generating circuit. A spinal cord was co-cultured in an organotypic
manner with an engineered 3D C2C12-derived skeletal muscle biobot where spinal motor
neurons co-localized with post-synaptic acetylcholine receptors (AChR) clusters to form motor
endplates at a time-scale developmentally similar to in vivo. The spinal cord is capable of inducing
spontaneous contraction of the muscle via these NMJs. Glutamate stimulation of the spinal cord
elicited patterned contractions from spinal central pattern generators (CPGs) which were blocked
by application of glutamate receptor antagonists. Primary skeletal muscle was determined to
have larger myotube diameters, AChR clusters had greater surface area, and demonstrated more
consistent spontaneous contractions than their C2C12 counterparts. A new platform built for
multiple 3D muscle strips was developed and optimized. These muscle cells exhibited
spontaneous contractions and were capable of matching a variety of electric stimulus
frequencies with differing forces of contraction. Immunoblotting revealed that though the
extracted primary tissue was a mix of Type | and Type Il fibers, this identity was not retained by
the dissociated satellite cells when cultured on Matrigel-coated glass in 2D. When grown in mixed

skeletal muscle-spinal cord conditioned media, primary skeletal muscle cultures regained a mixed



Type I/Type Il fiber-type identity, which emphasizes the important role of diffusible factors
released from the spinal cord in muscle development. This platform allows for the study of basic
research questions about the development of each component of the neuromuscular junction
through high-resolution fluorescent imaging of disease mutant models in an in vitro environment
closer to the physiological reality than ever before. Better understanding of the neuromuscular
junction and its components will inform future designs of biobots, prosthetics, pharmaceuticals,

and potentially even lab-grown meats.
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CHAPTER 1. AN INTRODUCTION TO THE DEVELOPMENT AND CONTROL OF
VOLUNTARY NEUROMUSCULAR MOTOR FUNCTION

1.1 The Locomotor Pathway — Cerebral Initiation
1.1.1 Overview

Locomotion, the process of moving through physical space from one place to another,
might appear effortless as one walks to class in the morning or sees a bird flying through the air.
Nevertheless, vertebrate locomotion is a highly complex series of motor behaviors that involves
the coordination of many different parts of the central and peripheral nervous systems as well
as limb and body muscles. Initiation of locomotion takes place in the brain, specifically in a region
known as the mesencephalic locomotor region (MLR) which resides in the midbrain and
brainstem. The MLR relays this signal to the spinal cord via the reticulospinal tract where many
aspects of locomotor coordination occur. The cerebellum processes both movement-generated
and internal feedback to modulate the descending pathways of the spinal cord. The spinal cord
outputs its commands via motor neurons which project into peripheral muscle tissues to execute
motor actions. These complex and intertwined processes are highly conserved among both
limbed and non-limbed vertebrates, and though there are some distinct differences, | will focus

on limbed, vertebrate locomotion.
1.1.2 Substructural Functions of The Mesencephalon
The Tectum

The mesencephalon, or midbrain, is considered part of the brainstem and plays roles in
many behaviors beyond locomotion including vision, audition, and aspects of sleep/wake and
arousal. It is composed of two main regions: the tectum and the tegmentum. The tectum lies
superior to the tegmentum and plays only a minimal role in locomotion. It is composed of the
superior colliculus and the inferior colliculus which are involved with the visual and auditory
systems, respectively (Rogers, 2002). There is some evidence that superior colliculus activity
increases upon witnessing a visual obstacle that would require a change of locomotor pattern,

which indicates a role in visuomotor adaptation (Patla, 1997).
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The Periaqueductal Gray

The tegmentum, on the other hand, has many projections to and from the spinal cord
that influence locomotion. The tegmental region least associated with locomotion is the
periaqueductal gray (PAG), a column of grey matter that surrounds the central aqueduct and
plays a key role in analgesia (Behbehani and Fields, 1979). PAG efferents excite inhibitory
interneurons in dorsal spinal cord promoting the release of endogenous opioids, such as
enkephalin and dynorphin, and inhibiting the release of the pain peptide, substance P (Menetrey
and Basbaum, 1987). The tegmentum has also been implicated in female lordosis and maternal

behavior due to its high density of vasopressin and oxytocin receptors (Figueira et al, 2008).
The Red Nucleus

The red nucleus of the tegmentum, so named because of its high iron content and reddish
color (Hallgren and Sourander, 1958), is much more tightly associated with locomotion. Most
neurons of the rubrospinal tract (projecting from red nucleus to spinal cord) demonstrate
increased activity during locomotion (Orlovsky, 1972). Periodic oscillations in phase with the
locomotion were also observed in the red nucleus of cats with intact cerebellums, but not in
decerebellate cats (Orlovsky, 1972). The red nucleus has many afferents from the cerebellum and
is used as a waystation for information transfer from the cerebellum to the spinal cord. It has
been hypothesized that the red nucleus plays a role in regulating balance, maintaining gait, and
adapting gait based on sensory input (Haycock, 2011). It is worth noting that in primates, the
rubrospinal tract plays a diminished role due to increased cortical and corticospinal tract volume

(Haycock, 2011).
The Substantia Nigra

The substantia nigra is a highly dopaminergic structure that plays important roles in
reward and voluntary movement. Substantia nigra efferents to the ventral tegmental area (also
a region of the tegmentum, but with no known locomotor influences) are involved in reward and
motivation. There is another group of efferents, however, that project into the mesencephalic
locomotor region (MLR) (Garcia-Rill et al, 1983). The MLR is believed to be the site in the brain

where initiation of locomotion occurs (Jordan, 1998). In Parkinson’s disease (PD), the substantia
2



nigra undergoes severe neurodegeneration resulting in many of the classic symptoms of PD such
as tremors, bradykinesia, or even full akinesia (Burns et al, 1983). Due to the presence of
substantia nigra efferents to the initiating site of locomotion, the MLR, it is unsurprising that
akinesia is a side effect. However, the role of the substantia nigra in causing tremors is poorly

understood.
The Mesencephalic Locomotor Region

The mesencephalic locomotor region is a relatively wide-ranging region that includes
nuclei of the reticular formation such as the lateral cuneiform nucleus and the pedunculopontine
nucleus (PPN), and the subthalamic fields of Forel (Garcia-Rill, 1986). However, its functions are
highly specific. The MLR was originally identified as an area of the midbrain of the cat which,
when electrically activated, would induce controlled locomotion on a treadmill (Shik, 1966;
Nicolopoulos-Stournaras and lles, 1984; Skinner and Garcia-Rill, 1984). It has subsequently been
identified in rodents and humans (Piallat et al, 2009). Recently, it was found that a lesion to the
PPN results in akinesia (Nandi et al, 2002). Also, deep brain stimulation of the MLR has been
reported to effectively treat the PD symptom of gait-freezing in a small group of patients suffering
from PD (Stefani et al, 2007). According to fMRI data, the MLR is active not only when initiating
locomotion, but also when just imagining it (Jahn et al, 2008). Though it is still being studied, the

MLR has emerged as the primary midbrain structure associated with locomotion and gait.
1.1.3 Functions of the Cerebellum

The hypothesized functions of the cerebellum have evolved over time, but the modern
view is that distinct cerebellar regions play integral roles in motor behaviors such as voluntary
limb movement, balance, and locomotion, as well as having a smaller role higher cognition.
Cerebellar inputs from the spinal cord, brainstem, and midbrain are mediated by mossy fibers,
while climbing fibers generally originate in the inferior olivary nucleus (Maekawa and Kimura,
1980; Thach, 1968). The cerebellum itself is extremely dense and has a rather uniform structure
throughout. This makes it challenging to identify distinct subregions based on histological

landmarks. Instead, the cerebellum can be divided into four functional zones based on



connectivity: the medial zone, the intermediate zone, the lateral zone, and the flocculonodular

lobe (Voogd and Glickstein, 1998).
Medial Zone

The medial zone (MZ) can be distinguished in part based on its afferent connections from
the dorsal and ventral spinocerebellar tracts which carry sensory (dorsal) and motor (ventral)
information into the cerebellum (Bosco and Poppele, 2001). MZ efferents project into the
vestibular nuclei and certain reticular tract nuclei such as the red nucleus. The role of the MZ is
to integrate spinal and vestibular inputs via the vestibulospinal and reticulospinal tracts to
maintain balance while walking and to adjust gait accordingly via the red nucleus. This has been
confirmed by lesion studies which produce a unique gait phenotype with abnormal limb timings,
decreased stride length, and exclusive ipsilateral flexion/contralateral extension of leg joints (Yu
and Eidelberg, 1983). In summary, the cerebellar MZ plays a primary role in dynamic balance

control and modulating rhythmic flexion and extension of muscles during locomotion.
Intermediate Zone

The intermediate zone (1Z) has similar afferent (from the dorsal spinocerebellar tract) and
efferent (to the red nucleus) pathways to the medial zone, but functionally it plays a very
different role. The IZ plays a minor role in vestibular control and instead appears to be more
important for regulating the precise timing of alternating flexion-extension and calculating limb

trajectory for precise limb movements.
Lateral Zone

Lateral zone (LZ) afferents are mostly from the primary motor, premotor, and
somatosensory cortices while the efferents include prefrontal cortex, primary motor cortex, and
the red nucleus of the midbrain (Brodal and Bjaalie, 1997; Orioli and Strick, 1989; Kakei et al,
1995). Lesions of the LZ do not greatly affect over-ground walking, but deficits appear in novel
tasks such as walking on a narrow beam (Chambers and Sprague, 1955; Thach et al, 1992;
Chambers and Sprague, 1955). Evidence suggests that the lateral zone of the cerebellum has a

significant role in modulating the normal locomotor pattern in novel contexts.
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Flocculonodular Lobe

The flocculonodular lobe plays very little role in locomotion itself and utilizes its reciprocal
afferent/efferent innervation from-and-to the vestibular nuclei to prevent dizziness during gaze
shifting as the head and eyes move from target to target (Clendenin et a, 1974; Kotchabhakdi and
Walberg, 1978; Ito et al, 1976).

1.2 The Locomotor Pathway — Spinal Cord Pattern Generation
1.2.1 Overview

Over 100 years ago, Thomas Graham Brown first discovered that the rhythms and
patterns of locomotion were governed by the spinal cord in cats and this initial finding has been
confirmed in all tested vertebrates (Brown, 1911; Grillner, 1981). The nuclei of the reticular
formation of the brainstem are responsible for activating spinal cord networks, but it is the spinal
networks themselves that are responsible for generating the complex rhythms associated with
locomotor movement. Quadrupedal locomotion requires the coordination of flexor-extensor
muscle pairing simultaneously within a limb, and between ipsi- and contralateral pairs of limbs.
This is performed by complex spinal circuits known as central pattern generators (CPGs). CPGs
are roughly symmetrical circuits that generally consist of lateral excitatory interneurons and
medial inhibitory interneurons which work together to output information to ventrolateral
cholinergic motor neurons. The goal of a CPG is to produce patterned output from non-patterned
inputs. Pattern-generating circuits are commonly believed to be used for left-right and flexor-
extensor coordination. There is also another type of oscillatory circuit within the spinal cord
responsible for setting the speed of locomotion known as rhythm generators; these different

types of circuits work together to specify gait (reviewed by Kiehn, 2006).

1.2.2 Pattern Generation

Commissural neurons (CNs) are inhibitory interneurons that project laterally across
midline of the spinal cord. These cells are thought to be primarily responsible for driving left-right

and flexor-extensor pattern generation. Electrophysiology has illuminated a dual inhibitory
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pathway within these cells that could lead to such patterned outputs (Jankowska, 2008; Butt and
Kiehn, 2003). In recent decades, scientists have developed new tools which have reinvigorated
some older questions with new purpose. Researchers began to be able to identify subpopulations
of neurons within the spinal cord by differential expression of transcription factors and track
these specific types of neurons from development of the neural tube to maturity in adulthood.
One population identified this way is the VO population of neurons which is characterized by early
expression of the transcription factor DBX1 (Pierani et al, 2001). These cells make up the majority
of CNs in the spinal cord (Lanuza et al, 2004). Selective ablations of cell populations identified in
this way have provided researchers with a wealth of information about how specific

subpopulations of neurons affect pattern generation and, subsequently, gait.

This new age of techniques has caused many researchers to seek to identify more
precisely the cells and pathways involved in pattern generation and how they can affect gait.
Wild-type mice display four basic gaits: walk, trot, gallop, and bound (in order from slowest to
fastest locomotion). Walk and trot are alternating gaits wherein there is left-right alternation
between hindlimbs. Bound is a synchronous gait which is attained by synchronizing the left and
right hindlimbs. Gallop is an intermediate gait that has elements of both synchronous and

alternating gaits (Lanuza et al, 2004).

The VO CNs are subdivided into inhibitory (VOp) and excitatory (VOv) populations based on
transcriptional markers expressed later in development (Lanuza et al, 2004). Genetic ablation of
all VO neurons completely abolished the left-right alternating locomotive gaits (i.e. walk, trot),
but not synchronous gaits (i.e., bound) to occur (Kiehn, 2016; Talpalar et al, 2013). Genetic
ablation of only the inhibitory VOp population was a lethal mutation and the pups did not survive
to term, though the reason remains unknown. VOy ablation resulted in the loss of only the faster
of the two alternating gaits (trot) while the other three (walk, bound, and gallop) were all
maintained (Bellardita and Kiehn, 2015). This indicates that the VOp and VOy subpopulations of
CNs are recruited in ascending order as the speed of gait increases (Figure 1.1). The precise circuit
underlying the galloping remains undetermined, but it is separate from the alternating gait
circuits controlled by the VOp and VOv CN populations. There is only one other known population

of excitatory CNs aside from VOy: V3 neurons. V3 CNs have been shown to be rhythmically active
6



during locomotion and project directly to contralateral motor neurons (Borowska et al, 2013;
Zhang et al, 2008). Ablation of these cells does not disrupt left-right alternation but increases
variability in the burst amplitude and period of locomotor rhythms. V3 neurons may play a role

in synchronous gait, but this needs to be further investigated.
1.2.3 Rhythm Generation

As locomotive speed increases from walk to trot, VOy neurons are recruited alongside VOp
CNs. Rhythm generation, or the control of locomotive speed, generally comes from the activity
of ipsilaterally projecting glutamatergic, excitatory neurons. Blockade of glutamatergic firing
leads to the cessation of all rhythmic activity, but a coordinated rhythm persists in one half of the
spinal cord. This suggests that CNs are not necessary for rhythm generation (Grillner and Jessell,

2009; Roberts et al, 2008; Goulding, 2009).

A cardinal feature of rhythm-generating neurons is that selective activation should be
able to initiate or modulate rhythmic firing. It then follows that a reduction of rhythm-generating
neurons would result in slowed locomotion that cannot be sped up (Goulding, 2009). Researchers
have used optogenetically-enabled mice to activate or inactive specific populations of excitatory
neurons within the spinal cord (Hagglund et al, 2010; Hagglund et al, 2013). Optogenetic
activation of excitatory neurons initiates locomotor-like activity, whereas inhibition blocks it. This
provides evidence that excitatory neurons are both sufficient and necessary for rhythm
generation in the mammalian spinal cord. Optogenetic manipulation of the spinal cord has also
provided new data which may reject the classic hypothesis of a half-center oscillator as
fundamental to rhythm generation (Stuart and Hultborn, 2008). Regionally specific excitation of
spinal cord neurons results in rhythmic output that is limited to only flexor-related or extensor-
related motor neurons (Hagglund et al, 2010). This evidence implies that the rhythm-generating
circuits in rat are comprised of several rhythm-generating modules that are arranged structurally
near the motor neurons they specifically control. However, researchers have been unsuccessful

so far in determining the molecular and transcriptional identity of these subpopulations.



1.3 The Locomotor Pathway — Sensory Integration and Gait

Sensory information is integral to motor commands and can be integrated at the levels of
the midbrain, spinal cord, and cerebellum. Sensory information contributes to motor control in
two distinct ways. One, it can inform the CNS about errors in execution, and two, it can help the
body adapt its motor output to a modified situation (Nielsen and Sinkjaer, 2002). Despite the fact
that much of our understanding of the role of sensation in locomotion is experimental and very
few of the actual pathways are well-characterized today, these systems are important for

developing complex, multi-modal in vitro systems such as sensory biomachines.

Lesion and deafferentation studies form the bulk of the research into sensory modulation
of gait. In nearly all cases of mass sensory nerve lesion, rhythmic motor action persists after
deafferentation, but accuracy and adaptability are reduced (Prochazka, 2010). Gait is still possible
after deafferentation, although it becomes irregular and uncoordinated (Giuliani and Smith,
1987; Goldberger, 1977). In the absence of sensory feedback, responses to obstacles or inclines
placed in the way of over-ground locomotion are not compensated for, and if the animal is not
supported, it will fall down (Goldberger, 1977; Ghezz et al, 1990). Other studies have found that
when vision is temporarily removed, animals retain the ability to move their limbs in locomotive-
like behaviors, but the movements are less coordinated (Rothwell et al, 1982; Sanes et al, 1985).
Other senses, but vision in particular, can play an important role in adaptive gait (Patla, 1997). It
is believed that the superior colliculus (of the mesencephalic tectum) contributes strongly to this

visuomotor system (Patla, 1997).

It is believed that the cerebellum is important for longer term and more complicated
adaptations of locomotion (Grillner and Wallen, 1985; Armstrong, 1986). Contralateral MZ
activity increases when the top of a foot is tapped (Armstrong, 1986). Since the medial
cerebellum sees increased activity, this should activate the pathway to the red nucleus, the
rubrospinal tract, and then the spinal cord where it will influence the firing patterns of VO

neurons.



1.4 Skeletal Muscle Physiology and Development
1.4.1 Overview

Skeletal muscle is one of the most dynamic and plastic tissues in the human body and
contributes significantly to multiple bodily functions. By weight, skeletal muscle alone makes up
approximately 40% of the human body and contains more than half of its protein (Hall, 2015).
Due to the inarguable importance of skeletal muscle to species across the animal kingdom,

muscle contraction has been studied in great depth.

Muscle development plays a significant role in how it eventually becomes innervated by
the motor neurons that carry commands from the central nervous system and in how eventual
contractions occur. Once unipotency towards a muscle cell fate has been determined, these
myogenic precursors differentiate into spindle-shaped myoblasts. Myoblasts then align with each
other, their membranes begin to fuse, and they form multinucleated muscle cells. This fusion
activates a variety of contractile and synaptic protein genes that, among other effects, cause the
nuclei from the fused myoblasts to centralize along the longitudinal axis. These aligned,
elongated, multi-nucleated cells with centralized nuclei are referred to as myotubes. The final
step in muscle development is the conversion from myotube to muscle fiber. Muscle fibers are
fully mature units of muscle that are identified primarily by the peripheralization of the nuclei
and development of a sarcolemma, the external cell membrane which both contains and
permeates the sarcomere (Sanes and Lichtman, 1999; Carlson, 1973). The large, singular unit that
is commonly referred to as muscle (e.g., the biceps brachii), is a combination of many of these
aligned muscle fibers (Schiaffino and Reggiani, 2011). Each of these fibers contains substructures

highly specialized for contraction.
1.4.2 Sarcomeric Structure
The Sarcomere

Each muscle fiber contains thousands of myofibrils; each myofibril is a sequential,
alternating sequence of actin, myosin, and other associated proteins. A longitudinal cut through

skeletal muscle tissue reveals the presence of distinct, alternating light and dark bands with a



thick black line bisecting the lighter bands (Fig. 1.2). The lighter bands are known as I-bands
because they are isotropic to polarized light while the darker A-bands are anisotropic to polarized
light. Each band primarily contains one component of the myofibril: the dark A-band contains
myosin (thick filaments), while the light I-band contains actin (thin filaments). The thick, dark line
bisecting the I-band is a Z-disk (made primarily of a-actinin, an actin-binding protein). Actin
filaments extend in opposite directions from the Z-disk and interdigitate with the myosin of the
A-band. The portion of myofibrils that extends from one Z-disk to the next is a single sarcomere,

the fundamental unit of contraction within a muscle fiber.
Integral Contractile Proteins

Thick myosin fibers are composed of two heavy chains and four light chains. The heavy
chains form a double helical tail along most of the length of the molecule, then fold bilaterally
into two oval-shaped heads. The heads are symmetrical and each is associated with a pair of two
identical light chains. They are connected to the tail by a short length of an individual heavy chain
referred to as an arm. Together, each head and arm form a cross-bridge resulting in a total of
two cross-bridges per myosin molecule (seen as small bumps on the myosin in Figure 1.3). These
cross-bridges serve a key role in sarcomere contraction (See Section 1.5.3). The head group
functions as an ATPase; it can hydrolyze ATP into ADP and harness the released energy for

contraction.

Thin fibers (actin filaments) are composed of double-stranded F-actin but have several
characteristics specific to their role in muscle contraction. Every 2.7 nm, there is a molecule of
ADP which is believed to serve as an active site for cross-bridge attachment. Wrapped around
the sides of the F-actin helix are molecules of tropomyosin. In its resting state, tropomyosin is
believed to rest on top of active sites on strands of F-actin. Attached to the tropomyosin molecule
is a three-part troponin complex. Troponin | has a strong affinity for actin, Troponin T has a strong
affinity for tropomyosin, and Troponin C interacts strongly with Ca®*. It is believed that upon
receiving an influx of Ca?*, troponin undergoes a conformational change that pulls the

tropomyosin filament away from the F-actin to expose the active sites for myosin binding. Then,
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when the Ca?* flux has faded, Troponin | causes the tropomyosin to revert to its resting state

covering the active sites.

Titin is required to maintain the side-by-side nature of actin and myosin during both
resting and contractile phases. Titin is composed of over 27,000 amino acids and weighs 4,200
kDa making it one of the largest proteins in the body. The titin molecule acts as a spring between
its anchor point at the Z-disk and the tail of a myosin filament. Titin has also been hypothesized

to play a role in the initial formation of the sarcomere, though the specifics remain unknown.
Other Important Components of the Muscle Cell

The external cell membrane which both contains and permeates the sarcomere is termed
the sarcolemma. The sarcolemma is similar to a typical cell membrane in many ways, but it has
several important muscle-specific specializations. At each end of the muscle fiber, the
sarcolemma fuses with tendon fibers which eventually bundle themselves into muscle tendons
that subsequently are inserted into bones. Another unique feature of the sarcolemma is the way
that it penetrates the myofibrils via transverse tubules (T-tubules). Though often thought of as a
separate structure, transverse tubules are actually extensions of the extracellular membrane

designed to transmit the action potential signal (Refer to Section 1.4.3 for additional details).

The sarcoplasmic reticulum (SR) is a modified smooth reticulum specific to muscle cells.
It rests directly on the myofibrils and along the T-tubules. A key specialization of the SR is its high
concentration of Ca2* that is released when it is met with a membrane depolarization from either
the sarcolemma or its T-tubules. This Ca?* release plays an important role in muscle contraction

as will be described later (Section 1.4.3).

The final component of the sarcomere is the sarcoplasm. Much as organelles are
suspended in cytoplasm, so too are myofibrils suspended in sarcoplasm. Sarcoplasm has high
extracellular ionic concentrations of K*, Mg?*, and P%, in addition to a variety of proteases. Also
present in the sarcoplasm are a high number of mitochondria which produce most of the ATP

required for muscle contraction (Figure 1.4).
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1.4.3 Muscle Contraction
Initiation, Propagation and Transduction of the Muscle Action Potential

The muscle action potential begins with an action potential in its neuronal partner at the
presynaptic terminal of the neuromuscular junction (NMJ). The presynaptic nerve releases
acetylcholine (ACh) which binds to postsynaptic acetylcholine receptors (AChR) on the muscle
membrane at the specialized motor endplate. AChR binding causes the opening of membrane
cation channels which allow a rapid influx of Na* ions into the muscle. This influx travels along
the membrane symmetrically in each direction opening additional voltage-gated Na* channels as
the membrane depolarizes. The traveling depolarization activates the sarcoplasmic reticulum
(SR) which leads to release of its large, sequestered Ca?* stores. Ca* binds to the troponin-
tropomyosin complex exposing actin active sites and promoting actin-myosin bonding. However,
the signal cannot propagate in the z-direction to the deepest parts of the muscle fast enough to

allow for coherent contraction without T-tubules.

T-tubules are extensions of the sarcolemma that begin at the membrane and penetrate
through the muscle. T-tubules originate at the membrane at an open hole such that their lumen
is open to the extracellular environment. When an action potential spreads along the
sarcolemma, it also propagates down the T-tubules, fully penetrating the muscle. T-tubules are
ensconced on each side by a specialized SR structure known as terminal cisternae. Together, the
two terminal cisternae (one on each side) and the T-tubule form a triad. This close association is
necessary so that when an electrical signal propagates along the sarcolemma and down a T-
tubule, the deeper SRs also release Ca?* to initiate actin-myosin binding via ryanodine-receptor

channels, which govern intracellular Ca?* flux in excitable cells like muscles and neurons.
Sustained Contraction and Return to Resting State

Muscle contraction will continue as long as Ca?*is present in the myofibrils, but there are
mechanisms that rapidly deplete the muscle cell of extraneous Ca?*. Continuously active Ca?*-
pumps located in the walls of the SR pump Ca?* ions out of the sarcoplasm and back into the SR.
This pump can maintain a 10,000X lumenal concentration of Ca2* within the SR. The SR also

mediates Ca?* reuptake by the Ca?*-binding protein, calsequestrin. The mechanism behind
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calsequestrin reuptake is not well understood, although there is some evidence that it also plays
a role in inhibiting the time which ryanodine-receptor channels remain open in response to

stimulation (Beard et al, 2002).

Due to these constitutively active Ca?* pumps and Ca?*ion recycling by the SR, sustained
muscle contraction is not due to sustained release. Rather, Ca®*is released in a pulsatile manner.
The pulses are homotypic and contain nearly 10X more Ca?* than would be required for maximum
contraction of the sarcomere. Due to this mode of Ca?* release and the fact that not all muscle

contractions are maximal, neuronal control plays an integral role in fiber recruitment.
Actin, Myosin, and Ca®* as Primary Drivers of Contraction

Prior to contraction, ATP binds to the myosin heads and is cleaved due to ATPase-like
activity into its byproducts, ADP + P;, which remain bound to the head. A rapid influx of Ca?*
causes the troponin-tropomyosin complex to expose active sites on the actin filaments for the
myosin head (ADP + P; still attached) to bind. This attachment causes a conformational change
between the arm and head of the cross-bridge which brings the head (and attached actin
filament) forward. This head movement is referred to as a power stroke. The power stroke utilizes
the energy from the phosphate bond that was bound to the head of the cross-bridge. After
completion of the stroke, a new molecule of ATP binds to the head causing it to release from the
actin filament. On the way back to rest position, the ATPase-like activity of the myosin head once
again cleaves the ATP and binds its products. The cross-bridge will once again bind to the active
site and repeat the process until there is no more Ca?* and the active site is covered once again.
If Ca?* is omnipresent, muscle contraction still faces a physical maximum that occurs at maximum
compression of the spring-like titin molecules. As muscle contraction occurs, myosin pulls its
adjacent actin fibers closer together until the actin fibers overlap each other, continually

compressing the titin between the Z-disk and the myosin (Figure 1.3 shows a sarcomere at rest).
Skeletal Muscle Fiber Subtypes

Skeletal muscle fibers are broadly classified into two different fiber types, Type | (slow-
twitch) and Type Il (fast-twitch) fibers. Fiber type can have a profound impact on muscle

dysregulation due to genetic muscular dystrophies or aging-induced muscle atrophy (Talbot and
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Maves, 2016). Muscle fiber types are generally defined by the myosin heavy chain isoforms that
they express, but many other components contribute to a fiber’s physiological characteristics as
well. Most vertebrate muscles contain a mix of Type | and Type Il fibers, though the ratio of each
is tailored to the needs of that specific muscle. Slow-twitch muscle fibers are more efficient over
long periods of time and are frequently used for controlling posture (e.g., abdomen), holding up
the head (neck), or endurance exercise like running or walking long distances (e.g.,
gastrocnemius). Type Il fibers have larger diameters, contract with greater force, and tire much
more quickly (e.g., biceps, quadriceps, and trapezius muscles). This variation is at least partly due
to the metabolic differences between the fiber types. Type | muscle has more mitochondria than
Type Il and generally relies more on aerobic respiration to generate energy. Because of this
increased metabolic workload, Type I-dominant muscles are more vascularized and visually
appear to be red rather than white like Type ll-dominant muscles. Slow- and fast-twitch muscle
fibers display different contractile profiles which will influence the force production, behavior,
and stimulus-response coupling of any engineered muscle tissue. Muscle fiber subtype can be
determined based on which myosin heavy chain (MHC) isoforms they express. Some muscles
contain only a single isoform of MHC, but others are composed of isoforms. ‘Pure’ skeletal
muscles contain exactly one of Type | (MHC-IB), Type IIA (MHC-lla), Type IIB (MHC-IIb), or Type
IID (MHC-IId) fibers (Pette and Staron, 1990; Schiaffino and Reggiani, 1994, 1996). Hybrid skeletal
muscle tissues co-express specific pairs of fiber subtypes, including I/1IA, IIAD, and IIBD (Pette and
Staron, 1990; Schiaffino and Reggiani, 1994, 1996). There are other muscle fiber types associated
with specific muscles throughout the body. For example, MHC-la fibers are found in extraocular
and laryngeal muscles (Pette and Staron, 1997) and MHC-lIc has been implicated in the growth

of neuronal processes (Wylie and Chantler, 2008).
1.4.4 Muscle Force
Relationship Between Sarcomere Contraction and Muscle Force

This maximal sarcomeric contraction that occurs when titin cannot be further compressed
is not the point where the muscle most force is generated. A sarcomere that has been slightly

overextended such that there is zero overlap between actin and myosin cross-bridges is
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approximately 4 um long. This position generates 0 force for the muscle, and it is completely at
rest. As the sarcomere shortens towards 2.2 um, force increases linearly as more molecules of
actin and myosin begin to overlap. At 2.2 um, all cross-bridges should be bound to actin, but the
actin has not yet reached the center of the myosin (note the slight gap between cross-bridges at
the myosin fiber midline in Figure 1.3). Force remains constant as this last stretch of myosin is
overlapped by actin with a sarcomeric length of 2 um. The sarcomere can be further shortened
to 1.65 um where the titin is maximal compressed and the actin fibers overlap. This causes a
force reduction equivalent to approximately 80% of the maximum. Additional shortening of the
sarcomere results in crumpling of titin and myosin chains and a corresponding plummeting of

force until the sarcomere is irreparably broken.
Neural Control of Muscle Force Output

While the basic structural unit of muscle contraction is the sarcomere, the basic functional
unit is the motor unit. A motor unit consists of a motor neuron and all the muscle fibers it
innervates. Large scale, complex motor actions require recruitment of various motor units based
on the task provided. Early work demonstrated a “size principle” at play which hypothesized that
as stimulation increased, motor units will be recruited in an orderly fashion from smallest to
largest (Henneman, 1957; Fedde et al, 1969; HoVer et al, 1987; Hogrel, 2003; Milner-Brown and
Stein, 1973; Tanji and Kato, 1973). Orderly recruitment facilitates a smooth incremental increase
in force that is roughly proportional to the size of the motor unit recruited (Zajac and Faden,
1985). Recent evidence is starting to show that motor recruitment in voluntary tasks can be more
complicated and that the size principle does not work as a hard-and-fast rule (Gillespie et al,
1974; VonTscharner and Goepfert, 2006; Wakeling and Rozitis, 2004). Strain rate has shown to
be one key driver of non-size principled recruitment in locomotor activities such as cycling and
wheel running (Wakeling et al, 2006; Hodson-Tole and Wakeling, 2008). It is currently believed
that while the size principle theory of motor unit recruitment provides a robust framework with
which motor unit recruitment patterns can be predicted, spinal cord and brain efferents play a

significant role in modulating motor unit activity based on the specific task.
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1.5 The Neuromuscular Junction
1.5.1 Overview

The vertebrate neuromuscular junction (NMJ) is perhaps the most studied synapse in
neuroscience. Acetylcholine (ACh) was identified at the neuromuscular junction in 1936, making
it the first known neurotransmitter (Dale, 1936). In subsequent decades, the NMJ was a part of
other foundational studies in neuroscience, such as the first demonstration of quantal vesicular
release (Katz, 1966). The acetylcholine receptor (AChR) was also the first receptor ever cloned
(Duclert and Changeux, 1995). According to Rao (1998), the vertebrate NMJ is the most studied
system in neuroscience apart from the mammalian hippocampus and the Drosophila genome.
Though many aspects about the formation and maintenance of the NMJ have been very well

characterized, there remain many important questions to investigate.

The neuromuscular junction is formed of three cell types: motor neurons, muscle fibers,
and Schwann cells (Couteaux, 1973). Motor neurons project from the ventral side of mammalian
spinal cords and serve to communicate motor commands from the central nervous system to the
periphery (Grillner, 2002). These cells rarely branch between their origin in the central nervous
system and the site of muscle innervation and innervate only a single muscle (Frank et al, 1975).
Upon reaching the muscle however, they branch numerous times and a single motor neuron can
innervate up to several hundred muscle fibers (Frank et al, 1975). This combination of a single
motor neuron and all the muscle fibers it innervates is called a motor unit (Buchthal and

Schmalbruch, 1980).

The concept of the tripartite synapse, which includes a perisynaptic component as well as
the pre- and post-synaptic components, was also pioneered in the peripheral nervous system
(PNS) at the NMJ rather than in the central nervous system. The realization that Schwann cells,
the myelinating glial cell of the peripheral nervous system, play an important synaptic role at the
NMJ predates the idea of astrocytes playing a similar role in neuron-neuron synapses by nearly
20 years (Couteaux, 1973; Mirsky and Jessen, 1996; Araque et al, 1999). Part of what led to this
finding was the separation of Schwann cells into two distinct types based on their structure,
genetic makeup, and location: terminal and pre-terminal Schwann cells. Both arise from the same
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progenitors yet are remarkably different. Terminal Schwann cells, the ones found at the NMJ,
cap the nerve terminal, insulating it from the environment and providing trophic factors. They
are rich in the cell adhesion molecule N-CAM while displaying low levels of myelin-associated
factors such as myelin basic protein and myelin-associated glyocoprotein. Preterminal Schwann
cells have the opposite phenotype (low in cell-cell adhesion, high in myelinating factors) (Mirsky

and Jessen, 1996).
1.5.2 Pre-Contact Signaling Drives Early Differentiation

Before forming a neuromuscular junction, the appropriate cells must first be able to seek
out, identify, and communicate with each other. Rather than following these cells all the way
from the neural crest, | will be focusing on how the cells interact once already in relatively close
proximity to each other. During development in vivo, motor neurons reach the muscle just as the
myoblasts are fusing into multinucleated muscle cells and early myotubes. Very weak
neuromuscular transmission begins just minutes after initial nerve-muscle contact (Chow and
Poo, 1986; Xie and Poo, 1986). Over approximately a week, synaptic vesicle production increases,
cytoskeletal reorganization occurs on both sides of the synapse, and AChR clustering begins,
along with many other changes (Kelly and Zacks, 1969; Takahashi et al, 1987; Lupa and Hall,
1989). These vast differences on either side of the synapse suggest robust communication
between the different cell types involved. Interestingly, all three components of the NMJ — motor
neurons, muscle cells, and Schwann cells — express synaptic components even when cultured in
isolation from one another. This indicates that each of the three cell types prepare themselves
for synaptic transmission even without input from the others, however this communication also

appears to be necessary for each cell type to reach full maturity (Sanes and Lichtman, 1999).
Motor Neuron-Derived Agrin Drives Postsynaptic Differentiation

Early investigators noticed that there was a stereotyped position of synapses on muscle
fibers which suggested a coordinated interaction between the two cell types (Bennett and
Pettigrew, 1976). Motor neuron axons frequently fasciculate to form a single intramuscular
nerve, with myotubes extending symmetrically in each direction (Zhang and McLennan, 1995). It
soon became evident that it was motor neurons organizing the clustering of AChR at sites of
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nerve-muscle contact as opposed to seeking out predetermined synaptic sites on the muscle
(Anderson and Cohen, 1977; Frank and Fischbach, 1979). Acetylcholine itself was unable to
induce this receptor clustering, and so the mechanism by which neurons were able to mediate
these changes remained unclear until McMahan (1990) identified agrin as a potential

contributor.

Agrin is a heparan sulfate proteoglycan (HSPG) that is synthesized by motor neurons,
transported down the axon, and released from the nerve terminal (McMahan, 19900; Reist et al,
1992). HSPGs are known to play a wide variety of roles but are frequently associated with cell-
cell adhesion and determining cell shape, both of which are important for NMJ formation
(Bernfield et al, 1999). Agrin has repeatedly been shown to be a critical neuron-derived organizer
of postsynaptic differentiation (Frank and Fischbach, 1979; Bezakova and Ruegg, 2003; Sarrazin
et al, 2011). In agrin knockout mice, overall levels of AChR on muscle were unchanged, but there
were very few AChR clusters and a there was marked decrease in neurite arborization on the
myotubes (Gautam et al, 1996). Even more evidence emerged for its essential role in NMJ
development when investigating the role of agrin on muscle cells and motor neurons
independently. When agrin was introduced to cultured motor neurons, neurites ceased growing
and began to accumulate synaptic vesicles (Chang et al, 1997). Whereas when agrin was supplied
to a monoculture of muscle cells, patches of agrin formed on the muscle fibers and nearly
complete postsynaptic structures were identified directly apposed to those deposits (Jones et al,
1997; Cohen et al, 1997). Nerve-derived agrin is clearly an important, driving factor in the

structural formation of postsynaptic NMJ structures.
Muscle Cells Rely on the MuSK-Rapsyn Pathway and Neuronal Activity to Form AChR Clusters

While agrin is known to be a neuronally-derived effector of postsynaptic muscle
differentiation, its mechanism of action was still unknown. MuSK, a receptor tyrosine kinase, was
a hypothesized receptor for agrin. MuSK is selectively expressed by skeletal muscle and co-
localizes precisely with AChRs (Valenzuela et al, 1995). MuSK knockout-derived myotube cultures
failed to form AChR clusters either spontaneously or in response to agrin, a phenotype that was

reversed by the reintroduction of MuSK (DeChiara et al, 1996). MuSK appears to be a gateway by
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which AChR clustering is mediated but is not sufficient for it to occur. Rapsyn is another protein
that precisely colocalizes at the NMJ as soon as AChR clusters form. Rapsyn appears in a direct
1:1 ratio with the number of AChRs in a cluster and is hypothesized to bind there directly (Burden
et al, 1983; Noakes, 1993). In cultures derived from rapsyn knockout mice, there is no AChR
clustering, similar to the agrin and MuSK knockouts (Gautam et al, 1995). In these rapsyn mutants
however, MuSK still clusters at synaptic sites in response to agrin, even though the AChRs remain
distributed stochastically throughout the muscle cell membrane (Gautam et al, 1996; Apel et al,
1997). This strongly indicates the rapsyn acts directly downstream of MuSK to recruit other

important scaffolding components of the NMJ.

As one follows the MuSK-rapsyn cascade, it eventually leads to fundamental cellular
processes such as transcription. In vivo transcriptional work has demonstrated that the muscle
nuclei directly apposed to the nerve terminal transcribe AChR subunit genes at far greater rates
than non-synaptic nuclei within the same cytoplasm (Merelie and Sanes, 1985; Simon et al, 1992;
Duclert and Changeux, 1995). This localized transcription of AChR subunits contributes greatly to
the enhanced synaptic accumulation of AChRs. Another interesting finding that came out of
associated work was that the muscle was also upregulating its expression of neuregulins.
Neuregulin has been shown to affect both pre- and post-synaptic function at the NMJ.
Presynaptically, neuregulins induce differentiation of isolated motor neurons and enhance
neurotransmitter release at newly formed NMIJs (Dai and Peng, 1996; Fitzsimonds and Poo,
1998). Neuregulin blockade prevents the synthesis of additional AChRs normally induced by agrin
and mediated by MuSK/rapsyn (Meier et al, 1998; Jones et al, 1996). This release of retrograde
trophic factors from the muscle to enhance the strength of healthy synapses supports the
hypothesis that NMJ formation is a bidirectional effort between the muscle and its motor neuron

counterpart.
Schwann Cells Play a Role in Guiding Motor Neurons to the Muscle

The role of Schwann cells, as it is currently understood, is quite limited at this stage of
NMJ development. Schwann cells follow motor neuron axons, using the axons as a scaffold for

their own migration towards the synapse (Riethmacher et al., 1997). Motor neuron axons provide
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both mitogenic and guidance cues to the Schwann cells en route to their final destination.
Interestingly, this trend seems to be reversed (i.e., Schwann cells guide axons) during

reinnervation (see section 1.5.3 for more detail).
1.5.3 Post-Contact Differentiation and Maturation
Elimination of Polyneuronal Innervation

Input elimination is the process by which all neuronal inputs except one retract from each
muscle fiber and align their arbors with the structure of the postsynaptic apparatus (Balice-
Gordon and Lichtman, 1993). This process occurs at a rate of about 5-15% of fibers per day over
approximately 2 weeks in rats (Rosenthal and Taraskevich, 1977). Polyneural innervation occurs
as multiple motor axons converge onto a single muscle fiber at the single site identified by the
first neuronal input (Bennett and Pettigrew, 1976). This specificity indicates that the synaptic
region becomes extra sensitive to innervation or that the surrounding extra-synaptic membrane
is somehow aversive to it (Frank et al, 1976). The localization of multiple neuronal inputs to a
single postsynaptic region is beneficial for muscle tissues because they are only required to invest
fully in a single receptive apparatus. Each neurite undergoes a standardized process of atrophy,
detachment, and withdrawal from the muscle, culminating in the separation of distinct
intramuscular axon territories (Riley, 1981; Gan and Lichtman, 1998). Even though many muscle
fibers undergo this process of input elimination, there is no net change in the number of motor
axons innervating the muscle as a whole (Balice-Gordon and Thompson, 1988). It is worth noting
that this process only occurs for fast twitch muscle that undergo muscular action potentials.
Tonic, or slow-twitch, muscle fibers have multiple synaptic sites and retain multiple axons at

individual sites as well (Lichtman et al, 1985).

The mechanism by which polyneuronal inputs are eliminated is thought to be dependent
on chemicals released by both the neuronal and muscular components of the NMJ. Inhibition of
synaptic release causes a drastic reduction in the rate of synaptic elimination while
overstimulation expedites the process (Thompson, 1985). Additionally, if a particular neuron is
more active than its neighbors, it is less likely to be eliminated (Balice-Gordon and Lichtman,
1994). This indicates that input elimination is strongly mediated by synaptic activity. However,
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other work has shown that even before neurons begin atrophying at the synapse, muscles
express decreased amounts of AChRs and rapsyn molecules which indicates that the muscle plays
an active role in determining its neuronal partner (Balice-Gordon and Lichtman, 1993; Culican et
al, 1998). This area is not as well studied, but the prevailing theory is that muscles release
retrograde trophic factors such as synaptotrophin which are uptaken by the presynaptic neuron
in an activity-dependent manner (Snider and Lichtman, 1996). This would ensure that the neuron
that is best able to bring the muscle fiber to threshold would be selectively rewarded with trophic

factors, further strengthening that connection.
Structural Maturation of the Postsynaptic NMJ

Acetylcholine receptor clustering is just the first step in the dramatic, post-contact
differentiation that occurs for muscle cells in the two weeks post-contact. AChRs initially cluster
in a relatively uniform, elliptical plaque. As neuronal inputs are eliminated, receptor density
changes to match the new pattern of innervation, eventually resulting in a pretzel-like form
referred to as a motor endplate (Balice-Gordon and Lichtman, 1993; Steinbach, 1981; Slater,
1982). For visualization of this process, see Figure 1.5 at the end of this chapter. The development
of the motor endplate occurs over the same two-week period as input elimination and does not
extend further into the life cycle of the animal. This is significant because rats, and their muscles,
continue to grow for at least another 4-6 weeks before reaching full maturity (Boice and Adams,
1983). Muscle growth mostly occurs due to increases in muscle fiber length and diameter, but
not fiber number (Sanes and Lichtman, 1999). The NMJ also grows in parallel with the muscle
fibers, but its x-y geometry remains largely unaffected. The z-direction however gains additional
complexity. The membrane starts becoming invaginated with shallow gutters underneath the
nerve terminals which align with the active zones of the neuron terminal (Sanes and Lichtman,
1999). These invaginations increase the surface area of membrane available for insertion of
AChRs thereby increasing receptor density and leading to enhanced muscle response (Fertuck

and Salpeter, 1974).
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Schwann Cells Finalize Mature NMJ

The majority of Schwann cell maturation occurs during the conclusion of input elimination
when the postsynaptic apparatus is nearly complete. Terminal Schwann cells initially follow the
motor neuron axon down to the muscle and form a loose cap over the terminal, but as the motor
neuron boutons become more permanent, each terminal bouton is separately capped by a
terminal Schwann cell (Hirata et al, 1997). These Schwann cells are also much more robust than
their pre-differentiation counterparts and can survive independently of neurons for a relatively
long period of time once established, a characteristic important for reinnervation (Trachtenberg

and Thompson, 1997).
1.5.4 Long-Term Stability and Reinnervation
Long-Term Stability

The postsynaptic endplate of a neuromuscular junction is stable throughout adult
mammalian life and researchers have questioned whether this is due to a high degree of inert
self-sufficiency or perpetual maintenance and upkeep (Sanes and Lichtman, 1999). Time-lapse
imaging in mice has shown that NMlJs neither gain nor lose branches over through most of an
animal’s lifetime, even during the muscular hypertrophy associated with puberty (Lichtman and
Thompson, 1997; Lichtman et al, 1987). Even axotomy leading to degeneration of the nerve
terminal does not cause degradation of the elaborate postsynaptic structures (Wigston, 1990).
However, there is evidence that the muscle itself plays an important role in maintaining the
synaptic connection. Injection of a membrane-impermeant protein synthesis inhibitor caused
nerve terminals to withdraw from muscle fibers demonstrating that the maintenance of the
nerve terminals is highly dependent on proteins produced by muscle fibers (Sanes and Lichtman,
1999). Further, it could implicate these proteins as targets of inhibition during polyneuronal input
elimination. Though impressively stable for much of an organism’s life, NMJs do degrade
significantly with age. The number of AChRs per junction gradually decreases in older muscles,
extra-junctional receptors appear, empty synaptic sites become more prevalent, and some
terminal Schwann cells degenerate (Frank et al, 1976; Courtney and Steinbach, 1981;
Rosenheimer and Smith, 1985 Ludatscher et al, 1985; Boaro et al, 1998). Overall, it is not explicitly
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clear why NMlJs are so stable for the majority of an animal’s life or why they begin to degrade
with age, but there is a wealth of evidence to support that once they are formed, mature NMlJs

are robust over long periods of time.
Reinnervation

Reinnervating a NMJ following de-innervation is an important concept with a wide range
of therapeutic and translational applications. Even though it has been shown that motor neurons
dictate the location of AChR clustering on aneural muscle fibers, it is the muscle that dictates the
site of re-innervation. Novel axons will form their new synapses on already existent postsynaptic
sites (Cajal and Ramon, 1928; Sanes et al, 1978). Schwann cells play a large role in this as they
serve as a guidance cue for adult axons (Son and Thompson, 1995). As was stated above, Schwann
cells survive at the NMJ for a brief period after the neuron withdraws and this serves as a target
for incoming neurons. During development, Schwann cells express many trophic and adhesive
proteins that are downregulated in adulthood but reactivated when no longer in the presence of
an axon (Taniuchi et al, 1988; Plantinga et al, 1993). The majority of regenerated NMJs look and
perform very similarly to those that formed during normal development (Sanes and Lichtman,

1999).
1.6 Biological Machines
1.6.1 Overview

The driving principle behind man-made robots is force actuation that leads to a form of
directed movement. Natural systems can motivate the design and development of robots that
replicate or enhance many basic locomotive strategies, such as climbing (Unver et al, 2006),
crawling, walking, jumping, or swimming (Umedachi et al, 2016; Cvetkovic et al, 2014; Kovac,
2013; Bartlett et al, 2015; Feinberg et al, 2007; Wen et al, 2013; Low, 2007; Herr and Dennis,
2004; Nawroth et al, 2012). Biological soft robotics derive inspiration and design principles from
organic systems to facilitate engineering approaches to challenges that have historically plagued
conventional robotic actuators. Traditional hard skeletons (made of high stiffness metals or

plastics) and electromagnetic actuators can result in rigid bioactuators that exhibit few degrees
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of freedom (DOF), low complexity, difficulty in grasping actions, and aggressive collisions with

living tissues (Majidi, 2013).

Soft bioactuators (typically composed of gels, polymers, and fluids, sometimes with the
addition of biological materials) must not only be functional in a research laboratory but also
effective in situations where they may be called on to move over unstable terrain while carrying
heavy loads of sensors, imagers, or samplers. These devices would also ideally be capable of
untethered as well as directional locomotion, elastic deformation or stiffness modulation,
efficient energy storage, and robust motion control, to be both effective and useful. Soft
biorobotic manipulators generally have more degrees of freedom and are more compliant than
their rigid counterparts. The lightweight and flexible polymers, hydrogels, and elastomers used
to form soft robots have lower stiffnesses (moduli of 104—-109 Pa) that correspond to properties
of biological matter with which they interact. Due to recent manufacturing advancements, they
can be rapidly produced with high spatial control and a range of properties in three dimensions

(Kovac, 2013; Vincent et al, 2006; Full, 2001; Ricotti et al, 2012; Kim et al, 2013).

Beyond a skeletal structure, soft biorobotic systems require an actuating source and a
fuel supply. It therefore follows that living biological materials would inspire and comprise a large
portion of demonstrated bioactuators (Kim et al, 2013; Tadesse et al, 2016). Beyond simple
biomimicry, the field of biodesign incorporates living organisms into artificial or manmade
systems (Bernabei and Power, 2016). The addition of living biological actuator sources (e.g.,
muscle tissues) can increase the efficiency and responsiveness of soft actuators, as many of these
living components have evolved with efficient standard processes for force production, energy
consumption, or net movement (Zolfagharian et al, 2016; Lee et al, 2017; Chan et al, 2014).
Depending on the ecosystem, there are numerous methods of potential locomotion among
species in both the plant and animal kingdoms, including crawling, running, jumping, swimming,
flying, etc. (Burgert and Fratzl, 2009). Considering the many methods of propulsion, it is
unsurprising that there are many ways for these robots to generate locomotive forces, from
molecular (e.g., motor proteins; nm) to cellular (e.g., individual microorganisms or cells; um) to
tissue (e.g., muscles or cell clusters; mm) length scales (Chan et al, 2014). In addition to

locomotors, there are also biorobots that imitate peristalsis to act as pumps or valves, transport
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cargo, actuate a joint, sense a signal, or perform as microgrippers, rotors, mixers, or manipulators
to achieve other tasks (Kabumoto et al, 2013; Carlsen and Sitti, 2014; Bowers et al, 2011; Cho
and Wood, 2016; Li et al, 2019). It is apparent that the development of soft bioactuators
necessitates the intersection and integration of advancements in diverse fields such as

nanotechnology, tissue engineering, and developmental biology (Kamm and Bashir, 2013).
1.6.2 Living Bioactuators
Overview

The use of biological materials (including DNA, motor proteins, myosin-actin complexes,
bacteria, algae, single cells or clusters, and natural or engineered tissues) as the primary actuators
of locomotive force is still an extremely young field, but has resulted in some interesting
possibilities (Chan et al, 2014; Feinberg, 2015). The basic requirements of an ideal living biological
actuation source include the ability to generate a controllable or repeatable force, operate under
a range of environments, and be easily maintained (Carlsen and Sitti, 2014). Evolution has
produced optimal living actuators that can operate long-term at physiological conditions
(favorable for bio-medical applications), wirelessly convert chemical energy to mechanical work
(from glucose or fats with up to 100 times the energy density of a battery (Majidi, 2013)), produce
nontoxic and biodegradable byproducts from fuel conversion, and be stimulated electrically,
optically, or pharmacologically thereby eliminating the need for an attached energy source.
Additionally, they are proficient at self-assembly and replication, protein synthesis, rapid
adaptation (responses as short as tens of milliseconds), and high sensitivity to environmental
conditions. They are also biodegradable, biocompatible, and can dynamically interact with other

living or non-living components (Kim et al, 2013; Dennis and Herr, 2005; Feinberg, 2015).

In general, when exploiting the innate contractility of cells or tissue to power a
bioactuator, it is critical to consider the stimuli (mechanical, electrical, and biochemical)
necessary for differentiation, development, or maintenance (Uzel et al, 2014; Dennis and Herr,
2005). A stereolithography apparatus (SLA) can print hydrogels with tissue-like stiffness values
that are mechanically similar to cells’ in vivo extracellular environment, providing important
mechanical queues for the engineered tissue. The elastic modulus of the extracellular matrix
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(ECM) not only affects viability and proliferation, but also dictates the differentiation bias of
cultured stem cells (Engler et al, 2004); for this reason, stereolithography has been used to
fabricate a variety of matrices that can realistically simulate cellular microenvironments and aid

in engineered tissue development (Arcaute et al, 2011).

Engineered molecular and bacterial bioactuators are capable of cargo transport and
fluidic pumping and can thrive in a range of environmental temperatures or pH (Chan et al, 2014;
Carlsen and Sitti, 2014; Knoblauch and Peters, 2004; Stanton et al, 2017). The production of a
multi-cellular tissue can allow for a collective output that is greater than the sum of its parts.
Moreover, complexity and functionality both increase when progressing from single cells to cell
clusters to tissues and systems (Carlsen and Sitti, 2014; Kamm and Bashir, 2013). Functional
bioactuators have been devised using whole explanted tissues, cells differentiated within a
scaffold or gel, or self-organized engineered tissue (Herr and Dennis, 2004; Akiyama et al, 2012;
Goebel and Wahlster, 2015; Hinds et al, 2011; Dennis and Kosnik, 2000). It is worth noting that
although smooth muscle is capable of force production, the relatively slow rate of contraction
has largely prohibited its employment in bio-robots that require rapid actuation (Duan et al,

2012; Feinberg, 2015).
Benefits of 3-Dimensional Culture

For over a century, 2D cell cultures have been used as in vitro models to study biological
phenomena. Although these approaches are well-accepted and have significantly advanced our
understanding of cell behavior, growing evidence now indicates that 2D systems often cause
irregular cell behaviors. Specific behaviors of cancer cells, muscle fibers, and hepatocytes have
all been more closely aligned with in vivo knowledge when cultured in 3D rather than 2D (Choi et
al, 2010; Mudera et al, 2010; Gieseck Ill et al, 2014). Recent advances in 3D culture such as
sandwich culture, micropatterning, porous hydrogels, and 3D printing have contributed to a rapid
rise in the number of publications studying cell populations in 3D, further improving upon older
2D data in these systems (Bi et al, 2006; Chaubey et al, 2008; Lee et al, 2015; Cvetkovic et al,
2014). The production of mature muscle fibers in 2D cultures has always been difficult due to the

spontaneous twitching that is intrinsic to healthy myotubes during development (Lewis, 1915).
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On a stiff substrate, such as the traditional hard glass or plastic of a petri dish or cell culture flask,
spontaneous contractions can often cause the myotubes to pull themselves off the substrate.
This results in a selection bias for fibers that either contract weakly or not at all as culture time
increases. There is also strong evidence that muscle cells reach later stages of development and
do so more quickly in 3D culture systems than in 2D (Langelaan et al, 2010; Grabowska et al,

2011).
Cardiac Muscle

Cardiomyocytes provide an excellent source for bioactuation due to their intrinsic,
synchronous contractions which makes external stimulation unnecessary. The cells produce
spontaneous contractions by forming a syncytium through cell-cell adhesion and gap junctions
(Chan et al, 2014; Kamm and Bashir, 2013). The original developments in cardiac-based
bioactuators included locomotive machines such as walking micro-robots and swimming robots
modeled after spermatozoa and jellyfish (Feinberg et al, 2007; Park et al, 2005; Kim et al, 2007;
Williams et al, 2014; Nawroth et al, 2012).

Skeletal Muscle

The behavioral complexity and degree of external control that can be imposed on cardiac
muscle is limited by its intrinsic spontaneous contractility. The ability to regulate an actuator
through the application and modulation of a stimulus not only allows for precise control over
locomotion, but also opens avenues for greater functionality. Skeletal muscle is the primary
generator of animal locomotion and these biological systems exhibit a greater force-to-weight
ratio than many rigid mechanical actuators (Chan et al, 2014; Carlsen and Sitti, 2014; Kamm and
Bashir, 2013; Feinberg, 2015). A high degree of spatial and temporal control over actuation, even
of single fibers, is possible via external sources such as optical or neural stimulation, as is larger-
scale control through electrical or chemical stimulation (Park et al, 2016; Raman et al, 2016; Uzel

et al, 2016; Cvetkovic et al, 2017; Cvetkovic et al, 2014; Aydin et al, 2019).

A skeletal muscle-powered biobot developed by Cvetkovic and her colleagues mimicked
the mammalian musculoskeletal system, wherein muscle contraction drives the articulation of

bones across flexible joints (Cvetkovic et al, 2014; Raman et al, 2017). A 3D printed skeleton
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(comprised of a flexible beam connected to two stiff pillars) was fabricated using a
stereolithographic apparatus and subsequently anchored to an engineered muscle strip
containing differentiating C2C12 myoblasts. The 3D muscle strip contained fibrin and Matrigel to
serve as an artificial ECM to support the densely embedded cells. To induce the locomotion-
driving contraction of the muscle strip, the biobot was positioned within an electric field and
subjected to pulse stimulations of 1, 2, or 4 Hz, resulting in a global response of the excitable
cells. The introduction of deliberate asymmetry in the pillars allowed the biobot to move in a

unidirectional trajectory along a surface in a fluid.

Although the muscle strip successfully induced net locomotion, the muscle was
permanently tethered to the skeleton, preventing the adaptation of the muscle to other skeleton
structures (Cvetkovic et al, 2014). A second iteration by Raman et al was devised with a muscle
ring structure, formed in a separate 3D printed mold before being transferred to the skeleton
(Raman et al, 2016). Muscle rings exhibited higher myofiber alignment as well as increased
viability (Raman et al, 2017). The C2C12s were also genetically modified to express Channel
rhodopsin (ChR2), a membrane protein which causes muscle contraction when stimulated with
blue light (Sakar et al, 2012). This allowed for the control of locomotion through an optical
stimulus, which could be positioned with spatial resolution on localized regions of the biobot,
thus enabling the development of a symmetrical yet multi-directional bioactuator whose
direction of locomotion was determined by which ring the light stimulated. Similarly, a single
device could also be forced to rotate by stimulating only one half of a single muscle ring. To
maximize force production, the biobots underwent an “exercise regimen” of daily optical
stimulation throughout muscle differentiation. Exercise was shown to improve myotube
formation, leading to increased tension and locomotive speed. Further adaptations to this
platform were performed by reshaping the muscle strip to include two rings connected by a

muscular bridge resulting in locomotive speeds nearly two-fold greater than without exercise.

Using skeletal muscle in developing biobots allows for broader applications than just
locomotion — such as mimicking peristaltic pumping. Li et al (2019) designed and fabricated a
biohybrid valve-less pumping bot utilizing a closed-loop tube filled with liquid. Periodic

compression at the junction of soft and rigid tubes generated unidirectional flow. By wrapping a
28



skeletal muscle ring around the tube at this location, muscle contraction was used to compress
the hydrogel tube along the circumferential direction in the radial direction to drive

unidirectional flow.

1.6.3 Applications

The extreme diversity of fabrication approaches, material compositions, and actuation
methods means that soft robots can be used in a wide variety of ways. Soft robots have many
useful capabilities, including the abilities to deform their shape, to manipulate delicate objects,
to conform to their surroundings, and to move in cluttered and/or unstructured environments.
(Martinez et al, 2013). Small robots at the millimeter scale also offer several advantages over
larger robots. For example, their small size enables them to be operated in environments where
large robots would be impractical or impossible. In large numbers, soft robots might be
networked to form highly mobile and robust sensor and communication networks (Jung and Bae,
2013). This allows them to assist work in 3D environments such as rubble fields, utility conduits,
the ocean floor, or outer space for many applications, including by the military (Umedachi et al,
2016).

Human-related applications are also being explored with fluidically-powered soft
actuators demonstrating their potential in wearable prosthetics and orthotics (Wirekoh and Park,
2017). These devices, compared with their motor-driven counterparts, are lighter, undergo
continuous and more natural deformation with simple control inputs, and are more easily mass-
produced (Zhao et al, 2016). Humanoid robots could assist human beings in numerous ways, from
military applications and firefighting to entertainment, socially assistive devices, medical studies,
and education. Soft actuators lay the groundwork for the development of these humanoid robots
for cognitive studies or for training medical professionals. In addition, facially expressive robots
are demonstrating encouraging results as therapeutic tools for children with Autism Spectrum
Disorder (Tadesse et al, 2016).

Both living and nonliving bioactuators must be designed such that the form matches the
intended function (Uzel et al, 2014; Feinberg, 2015; Kim et al, 2014). When building with muscle,

the devices might need to closely match the performance of their in vivo equivalents, especially
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if their intended use is to mimic a native tissue for drug testing or regenerative applications, or
to provide a novel platform for understanding fundamental biological phenomena. It is expected
that custom-printed 3D soft robots and actuator structures will start to appear in areas as diverse
as medical implants, devices for human-computer interaction, and even children’s toys (Rossiter
et al, 2009). Soft robotics is a rapidly growing field with almost unlimited potential to universally

impact human life.
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1.7 Figures

Mouse CN network
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Locomotor frequency
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dominant role at a given frequency

Figure 1.1 Proposed recruitment of VOD and VOV commissural neurons (CNs) during increased
speed of gait. (a) Low frequency locomotion (walk). Inhibitory VOD CNs are activated by
rhythm-generating neurons (R) on the ipsilateral side. This leads to the inhibition of
contralateral locomotor networks, including motor neurons. (b) Trot. VOV commissural neurons
are being activated causing the contralateral inhibition. (c) Bound. Left-right synchrony is
secured by excitatory non-VO0 (possibly V3) neurons (red). Adapted from a review by Kiehn,
2016.
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Sarcomere

I-band A-band I-band

Figure 1.2. Image of a single sarcomere. Light bands contain actin and are known as I-bands.
The dark bands are myosin-rich A-bands. The thick, dark line bisecting the I-band is a Z-disk
(made from a separate type of myofilament). The copyright holder of this work allows anyone
to use it for any purpose including unrestricted redistribution, commercial use, and

modification.
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Figure 1.3. Diagram of contractile units within a sarcomere. (a) Diagramatic representation of
the A-band, I-band, and Z-disk. (b) Shows organization of my actin (thin) and myosin (thick)

filaments within a sarcomere. Sequential sarcomeres form a myofibril. Adapted from Hall,
2015.
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Figure 1.4. Visual representation of relative organization of sarcolemma, sarcoplasmic reticulum,
transverse tubules, triads, mitochondria, and myofibrils. Adapted from Hall, 2015.
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Figure 1.5. A depiction of the stages of AChR clustering on muscle. (a) AChRs clusterin a
relatively uniform, elliptical plaque. (b)-(d): As neuronal inputs are eliminated, receptor density
changes to match the new pattern of innervation. (e) A mature, innervated AChR cluster with a
pretzel-like shape. Adapted from McComas et al, 1984.
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CHAPTER 2. EFFECT OF ORGANOTYPIC CELL CULTURE ON SPINAL CORD GROWTH
AND ELECTROPHYSIOLOGY

2.1 Introduction

Over 100 years ago, Thomas Graham Brown first discovered that the rhythms and
patterns of locomotion were governed by the spinal cord in cats and this finding has been
confirmed in all tested vertebrates (Brown, 1911; Grillner, 1981). Research has shown that these
oscillatory periodic circuits, called central pattern generators (CPGs) are present in animals from
birth (Cazalets et al, 1995). CPGs are complex neural circuits that produce self-sustained patterns
without requiring sensory input, though they can be modulated by such inputs (Grillner, 1986;
Anderson and Grillner 1983; Pearson and Rossignol 1991). Pattern-generating circuits are
commonly believed to be used for left-right and flexor-extensor coordination in locomotion.
There is also another type of oscillatory circuit within the spinal cord responsible for setting the
speed of locomotion known as rhythm generators; these different types of circuits work together
to specify gait (reviewed by Kiehn, 2006). The majority of early work on CPGs was done in
lamprey, fish, and invertebrates (Grillner, 1975; Poon, 1980; Grillner and Wallen, 1985; Poon
1980; Cohen and Wallen, 1978; Coehn and Wallen 1980; Skinner et al, 1997; Yu et al, 1999;
Buschges et al, 1995). The data collected on invertebrates and other lower vertebrates (e.g.,
Xenopus tadpoles, lamprey) might not translate well to mammalian locomotion however since
the researched locomotor behavior studied is swimming as opposed to multi-limbed gait. These
swimming behaviors result from the longitudinal transmission of a metachronal wave, which is
transmitted through a multisegmented system and is unlike anything observed in land mammals
(Kahn and Roberts, 19X2; Cohen, 1987; Grillner and Matsushima, 1991; Tunstall and Sillar, 1993).
Despite the large amount of research fully and directly characterizing the pattern generating
circuits of invertebrates, nothing of comparable depth has been done with mammals — especially
humans (Dietz, 2003). The majority of early mammalian central pattern generator findings came
from observing how spinal injuries to cats and dogs affected their locomotive gaits and relatively
less has been done on rodent locomotion (Duysens and Van de Crommert, 1998; Cruse and

Warnecke, 1992; Grillner and Zangger, 1979; Naito et al, 1990).
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The best way of demonstrating the existence of pattern-generating networks is to directly
remove the nervous system from the animal and record the activity in these isolated conditions
(Cazalet et al, 1995). Although this has been achieved in many preparations from invertebrates
and lower vertebrates (Kristan and Calabrese, 1976; Sillar and Skorupski1986; Chrachri and
Clarac, 1990; Cohen and Wallen, 1978; Grillner et al, 1981; Roberts et al, 1983), locomotor-like
activity was only quite recently recorded in mammals in an in-vitro isolated spinal cord
preparation (Kudo and Yamada, 1987; Smith et al, 1987; Cazalets et al, 1990, 1992). It was not
until 1995 that Cazalets et al were able to conclude that, in the rat, the spinal network producing
rhythmic activity is located between segments T13 and L2, while the lower lumbar segments (L3-
L5), which contain most of the motor neurons innervating the hindlimbs, do not have a significant

role in rhythm genesis (Cazalets et al, 1995).

More recently, it has been discovered that commissural neurons (CNs), interneurons that
project laterally across midline of the spinal cord, are primarily responsible for driving left-right
and flexor-extensor pattern generation. The VO sub-population of CNs make up the majority of
CNs in the spinal cord and are characterized by early expression of the transcription factor DBX1
(Lanuza et al, 2004; Pierani et al, 2001). The VO CNs are subdivided into inhibitory (VOp) and
excitatory (VOv) populations based on transcriptional markers expressed later in development
(Lanuza et al, 2004). Genetic ablation of all VO neurons completely abolished left-right alternating
locomotive gaits like walking, but not synchronous gaits like bounding (Kiehn, 2016; Talpalar et
al, 2013). Similar ablation and transcriptome studies have determined that CNs are not necessary
for rhythm generation (Borowska et al, 2013; Zhang et al, 2008; Grillner and Jessell, 2009; Roberts
et al, 2008; Goulding, 2009). This work laid the groundwork for the growing consensus that
mammalian CPGs do not follow the same half-center oscillator model as their invertebrate

counterparts.

Researchers have also used optogenetic mouse models to control the activity of specific
populations of excitatory neurons within the spinal cord (Hagglund et al/, 2010; Hagglund et al,
2013). Optogenetic activation of excitatory neurons initiates locomotor-like activity, whereas
inhibition blocks it. This provides evidence that excitatory neurons are both sufficient and

necessary for rhythm generation in the mammalian spinal cord. Optogenetic manipulation of the
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spinal cord has also provided new data which rejects the classic hypothesis of a half-center
oscillator as fundamental to rhythm generation (Stuart and Hultborn, 2008). Regionally specific
excitation of spinal cord neurons results in rhythmic output that is limited to only flexor-related
or extensor-related motor neurons (Hagglund et al, 2010). This evidence implies that the rhythm-
generating circuits in rat are comprised of several rhythm-generating modules that are arranged
structurally near the motor neurons they specifically control. It has been concluded that, in the
cat, the bursting capacity is distributed along the spinal cord (Deliagnia et al, 1983). However,
researchers have been unsuccessful so far in determining the molecular and transcriptional

identity of these subpopulations.

Traditionally, studies of spinal cord CPGs are performed in vivo or immediately after
dissection (Skinner et al, 1997; Yu et al, 1999; Busetto et al, 2000; Pearson, 1995; Brownstone
and Wilson, 2008; Rybak et al, 2015). Motor patterns in acute spinal cord recordings are
comparable in terms of both periodic and phasic relationships to those observed in newborn and
adult animals (Cazalets et al. 1990). Because of its small size, the spinal cord can survive in vitro
for several hours under the proper conditions (Cazalets et al, 1995). Additionally, the action of
neurotransmitters or pharmaceuticals can be directly studied because of the lack of a blood-brain

barrier which provides easy access to neuronal components.

There is no prior work that has performed organotypic 2.5-D cultures of an intact spinal
cord and assessed its electrical activity over time. Previous studies on organotypic slice cultures
of the hippocampus, visual cortex, and subthalamic nuclei have demonstrated minimal
differences between in-situ electrophysiology and organotypic cultures, but it is unknown how
spinal cord circuits will behave in such a culture environment (Muller et al, 1993; Uesaka et al,
2005; Rohrbacher et al, 2000). By comparing the degree of long-term potentiation (LTP) at the
CA3-CA1 junction between 2-day old pups plus 10 DIV and 8-day old pups plus 4 DIV to 12-day
old pups, researchers have shown that development proceeds in hippocampal slice cultures with
a comparable time course to in situ (Muller et al, 1993). Organotypic cultures from the rat visual
cortex similarly time-matched in vivo development in terms of axonal branching and
electrophysiological recordings on a MEA (Uesaka et al, 2005). Even more complex cultures that

involve organotypic slices of three different brain regions — the substantia nigra, tegmental
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pedunculopontine nucleus, and the subthalamic nucleus — demonstrate that the morphological
and electrophysiological characteristics are generally similar to those reported in in vitro slice and

in vivo studies (Rohrbacher et al, 2000).

The culture of intact lumbar spinal cords will allow for greater accessibility and more in-
depth measurements of the complex circuitry that underlies mammalian locomotion. Here, we
investigate how spinal cords react to culture conditions over a 2-week period at cellular,
histological, and electrophysiological levels. Imnmunohistochemistry of cleared whole spinal cords
and of lumbar cross-sections revealed the presence of interneurons, motor neurons, astrocytes,
and Schwann cells which are associated with central pattern generator activity and motor
outputs. When cultured on Matrigel-coated glass, spinal cords produce a complex arbor of motor
neurons and astrocytes that extends over a 1 mm away from the spinal cord. These outgrowths
do not exhibit electrical activity immediately, but electrical activity is detectable as the processes
mature by 7 DIV. Acute lumbar spinal cord recordings demonstrate both spontaneous and
stimulated activity in response to glutamate. Pin electrode recordings from lumbar spinal cords
cultured for one week demonstrate infrequent spontaneous activity and a slightly reduced
sensitivity to glutamate stimulation compared to acute conditions. Recordings from lumbar
spinal cords cultured for two weeks exhibit very little spontaneous activity and only respond to a
high dose of glutamate. By 14 DIV, spinal cords do not exhibit spontaneous firing at baseline or
respond to a low dose of glutamate. However, a high dose of glutamate initiates robust electrical
activity with a clear bursting pattern indicative of a pattern generating circuit. Overall, these data
are the first to demonstrate that spinal cords extend a complex, multicellular arbor of motor
neurons and glia and that they retain the ability to generate robust electrical potentials for up to

two weeks in vitro.
2.2 Materials and Methods
2.2.1 Animal Welfare

Animal procedures were developed in accordance with Public Health Service Policy on
Humane Care and Use of Laboratory Animals and reviewed and approved by the University of
Illinois at Urbana-Champaign Institutional Animal Care and Use Committee. Rat spinal cords were

56



isolated from postnatal day 3-5 Long-Evans BluGill rats from an inbred colony maintained by our

laboratory, according to previously established protocols (Millet et al, 2007).
2.2.2 Spinal Cord Extraction and Seeding for 2.5-D Culture

A 35 mm Petri dish with a 14 mm glass coverslip bottom (MatTek Corporation, Ashland,
MA) was coated for a minimum of 1 hin 0.1% gelatin (EMD Millipore, Burlington, MA). The gelatin
was rinsed 3-5 times with sterile PBS, followed by the addition of 100 pL of 1% Matrigel onto
each glass coverslip. The Petri dishes were then placed in the incubator for 60-90 mins to allow
for Matrigel polymerization. For each dish, a single BluGill rat pup between postnatal day 1-5 (P1-
P5) was decapitated. The vertebral column was rapidly dissected from the pup and cleaned to
expose the vertebrae. A small section of the spinal column from the T13 to L2 vertebrae was
isolated using a pair of small scissors. Then, making two diagonal cuts at + 45 degrees from the
ventral midline, the ventral bone was removed thereby exposing the spinal cord. The spinal cord

was then rapidly and gently dissected with a pair of fine-tipped tweezers.

The spinal cord was placed on ice in 5 mL HibernateA (Life Technologies, Gaithersburg,
MD) where the dorsal root ganglia were removed. The spinal cord was moved to a laminar flow
hood where it was rinsed in fresh HibernateA. Using forceps, the spinal cord was seeded with the
ventral side facing down directly onto the polymerized Matrigel. The spinal cords were placed
back in the incubator for 45 mins to allow the spinal cord to settle before adding 5 mL Spinal Cord
Growth Medium (SCGM) consisting of 96.825% NeurobasalA (Life Technologies) without L-
glutamine or phenol red (Life Technologies), 2% GS21 (MTI-GlobalStem, Gaithersburg, MD), 1%
penicillin-streptomycin (Cellgro Mediatech, Inc., Herndon, VA), 0.125% Glutamax (Life
Technologies), 0.025% Brain Derived Neurotrophic Factor (10 ng/mL, EMD Millipore), and 0.025%
Nerve Growth Factor (1 ng/mL, EMD Millipore). All cells were maintained at 37 °C and 5% CO?2.
The first media change was a full media replacement 24 h after seeding, with half media
replacement every 2-4 days following the first one. The full media change was implemented to
remove any released apoptotic factors and from cells that did not survive immediately following
seeding. Subsequent half media changes were meant to maintain the presence of beneficial

secreted extracellular cues while still providing a fresh source of nutrients.
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2.2.3 Immunofluorescence and Histology

Tissues were rinsed in PBS and fixed in 4% (vol/vol) paraformaldehyde. Prior to
immunostaining, tissues were permeabilized with 0.3% (vol/vol) Triton X-100 (EMD Millipore)
and blocked with 5% Normal Goat Serum (NGS, Abcam, Cambridge, UK) for 60 min. Tissues were
incubated with alpha-actinin (1:2000, Abcam), Beta-lll Tubulin (1:2000, Abcam), conjugated
alpha bungarotoxin (1:1000, EMD Millipore), myelin protein zero (1:2000, Abcam), and glial
fibrillary acidic protein (1:20000, Abcam) antibodies for 48 h at 4°C and washed with PBS. Tissues
were incubated with Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 568 goat anti-chicken IgG,
and Alexa Fluor 647 goat anti-rabbit IgG secondary antibodies (1:1000, Invitrogen, Walktam, MA)

in PBS for 2 h at room temperature in the dark.
2.2.4 Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging Tissue-hYdrogel (CLARITY)

Prior to clearing, tissues were rinsed in PBS and fixed in 4% (vol/vol) paraformaldehyde.
The tissues were submerged in a hydrogel monomer solution (composition of 400 mL: 210 mL
dH0, 100 mL 16% paraformaldehyde, 40 mL 40% acrylamide, 40 mL 10X PBS, 10 mL2% Bis, 1 g
VA-044 initiator, 200 mg saponin, stored in 40 mL aliquots at -20° C) and de-gassed in a
desiccation chamber to replace all gas in the tube with nitrogen. The solution (with the sample
inside) was submerged in a 37° C water bath for 3 hours, or until the solution polymerized. The
embedded sample was extracted from the gel and extra gel pieces were removed with gloved
fingers. The sample was then submerged in 50 mL passive clearing solution (composition of 10 L:
10 L dH;0, 123.66 g boric acid, 400 g sodium dodecyl sulfate, adjusted to pH 8.5) and gently
shaken for 24 h at room temperature. Sample was then transferred to a fresh 50 mL of passive
clearing solution and submerged for 24 h in a water bath at 37° C. Replace clearing solution every

24 h, alternating between room temperature and 37° C until sample was sufficiently cleared.
2.2.5 Spinal Cord Electrophysiology

Each neonatal spinal cord was extracted as described above. The isolated spinal cord was
submerged in physiological saline (composition in mM: NaCl, 129; KCl, 4; CaCl,, 2.5; MgCl;, 1.14;
NaH,PO4, 0.5; NaHCOs3, 25, glucose, 10, adjusted to pH = 7.4 with HCI) that was constantly

superfused with oxygen (95% 0,/5% CO2) before recording. The bath temperature was kept
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constant at 24° C. Locomotor-like activity was induced by bath applying glutamate (10 mM stock,
frozen, and stored at -20° C). Neurons in the ventral horns were recorded with inspect pin
electrodes connected to a differential A/C amplifier (Model1700, A-M Systems, Sequim, WA) and
a data acquisition system (PowerlLab 8/30, ADInstruments, Dunedin, New Zealand). The tissues
were allowed to rest on the recording rig for 25-30 mins before recording began. Records were

digitized and recorded in LabChart 7.3 (ADInstruments) at a sampling rate of 20 kHz.
2.3 Results
2.3.1 Histology and cell characterization of a rat spinal cord

The structure of mammalian locomotor CPGs is largely unknown (Kiehn, 2006), but recent
breakthroughs in microscopy techniques have enabled researchers to image ever larger and
optically dense tissues. The first and second lumbar (L1-L2) vertebrae of neonatal (P1-5) rat spinal
cord (SC) were selected because an intact SC is approximately 23.5 mm in length (Fig. 2.1a) and
1.5 mm in diameter, over 4-fold longer than the average inchworm biobot skeleton (Fig. 4.1).
Previous work had also shown that this was the localization of the hindlimb locomotor CPG
(Cazalets et al, 1993). In order to view the internal structures of an intact rat spinal cord, the
tissue needed to undergo a passive clearing process (Fig. 2.1b). The thickness of the tissue
prevented either the light or the antibodies from fully penetrating the interior of the spinal cord
(Fig. 2.1a,c), but the multicellular complexity of the spinal cord is apparent (Fig. 2.1c,d). Schwann
cells (MPZ) and astrocytes (GFAP) encase the spinal cord in a protective sheath and Schwann cells
are observed surrounding bundles of neural projections (Tuj1) out of the spinal cord (Fig. 2.1d).
Deep to the protective glial sheath, there is also a complex, 3D web of astrocytes which are
known to play integral and wide-ranging functions within the CNS. Figure 2.1e shows a spinal
cord cross-section with a simplified diagram of a locomotor central pattern generator. In
vertebrates, the motor neurons of the ventral horn serve as CPG outputs that innervate and
control muscle contraction (Fig. 2.1e). The motor neurons of the ventral horn (Fig. 2.1e,f) are

responsible for driving the muscle contraction outputs of spinal cord activity.
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2.3.2 Neonatal rat spinal cords extend a robust arbor of glia and cholinergic neurons in vitro

To determine how a spinal cord explant responds to being cultured on Matrigel-coated
glass, we isolated and cultured a segment of neonatal SC from within the L1-L2 vertebrae. When
cultured on Matrigel-coated glass, the spinal cord extended robust process outgrowths (Fig.
2.2b,c,d,f). In all cases, the spinal cord was cultured ventral side down with the goal of inducing
the motor neurons of the ventral horn (Fig. 2.1f) to extend out of the spinal cord. First, we
measured the maximum distance outgrowths extended from the spinal cord in a 2.5-D
organotypic monoculture at 1, 7, 14, and 21 DIV (Fig. 2.2a-c). The cultured spinal cords rapidly
extended outgrowths up to 504 um even by 1 DIV (Fig. 2.2d). This explosive growth continued
past 1.18 mm by 7 DIV before reaching a peak of 1.6 mm at 14 DIV (Fig. 2.2d). The outgrowths
began to slightly retract in length by 21 DIV to 1.49 mm (Fig. 2.2d). This complex arbor of
extensions was composed of many cell types, including not only neurons but also glia (Fig. 2.1e),
which are important for the formation and maintenance of functional synapses (Volterra et al,
2002). Of the neuronal processes that extended by 7 DIV, a large majority expressed choline
acetyltransferase (ChAT), an enzyme found exclusively in ACh-producing neurons (Fig. 2.1f).
Additionally, electrophysiological recordings reveal that cultured spinal cords produce electrical
activity both spontaneously and when stimulated with glutamate (Figures 2.4-2.7). Thus, spinal
cords extend a robust arbor of electrically active, cholinergic neurons that are likely to be motor
neurons due to their location within the spinal cord, as well as the robust presence of ChAT. This
confirms that a spinal cord explant can serve as a viable system for muscular interaction and

control.
2.3.3 Electrical activity in cultured spinal cord outgrowths is not detected before 7 DIV

To generate synchronous contractions of muscle tissues, we needed to determine
whether the pattern generating circuit within the spinal cord is altered by long-term culture. First,
we isolated and cultured intact segments of lumbar spinal cord from neonatal rats on a Matrigel-
coated substrate and electrical potentials were recorded at 0, 4, 7, and 10 DIV. At each time
point, spontaneous and elicited firings were recorded in 30 second batches. In preparation for

seeding, each MEA was prepared according to the protocol previously established in Chapter 2
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for spinal cord culture on glass. Each MEA has 64 nodes (60 electrodes, 4 grounds) arranged in
an 8 x 8 grid (Fig. 2.3a). The spinal cord was seeded with its ventral side adjacent to the electrodes
(Fig. 2.3b), and cultured for 0, 4, or 7 days. Culture of a spinal cord on an MEA results in
outgrowths that approach the electrodes on both sides of the spinal cord. By 4 DIV, some
outgrowths have reached the electrodes (Fig. 2.3c), but the MEA was unable to pick up any signal.
By 7 DIV, we began to see spontaneous bursts of action potentials in the cultures over several
minutes (Fig. 2.3e). The raw data shows a burst-like firing pattern in these spontaneous
recordings (Fig. 2.3f), indicative of healthy neuronal circuitry. The consistent size and shape of
the action potentials registered by a single electrode (Fig. 2.3g) is representative of normal neural
firing in healthy and electrically active outgrowths. One downside to using an MEA is that we
need to wait for these outgrowths to extend out of the spinal cord and begin exhibiting electrical

activity.

2.3.4 Acute lumbar spinal cords spontaneously express electrical activity which is altered by

the application of neurotransmitters

To produce patterned muscle contractions, we first must demonstrate an intact pattern
generating circuit and determine how it changes its behavior in vitro. We isolated an upper
lumbar segment of neonatal rat spinal and immediately transferred it to the electrophysiological
recording apparatus. Acute lumbar spinal cord recordings demonstrate that spinal cord neurons
are highly active at baseline (Fig. 2.4a). When a single dose of glutamate (10 uM) is applied, the
firing pattern of the spinal cord is altered (Fig. 2.4b). The firing increases in frequency and distinct
burst-like patterns of activity are observed (Fig. 2.4b). After multiple doses of glutamate (final
concentration 100 uM) are applied, the spinal cord exhibits robust action potentials similar to
the 10 uM glutamate condition (Fig. 2.4c). The simultaneous application of glutamate (100 uM)
and 5-HT (100 uM) elicits burst firing activity (Fig. 2.4d). Upon washing out the glutamate (5 full
replacement washes), activity is reduced below what is observed at baseline, but can still be

observed (Fig. 2.4e).
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2.3.5 After one week, cultured spinal cords demonstrate infrequent spontaneous activity and

a slightly reduced sensitivity to glutamate stimulation

There are no prior studies that have assessed the electrical activity of organotypic 2.5-D
cultures of intact spinal cords. Recordings from neonatal L1-L2 spinal cord segments cultured for
one week demonstrate infrequent spontaneous activity at baseline (Fig. 2.5a). Spinal cord activity
at baseline occurs in small random bursts with occasional large potentials (Fig. 2.5a).
Approximately five minutes after one dose of glutamate (10 uM), the firing rate of the spinal cord
increases. The firing of both large and small units can be detected (Fig. 2.5b). When the glutamate
rises to a final concentration 100 uM, spinal cord neurons display robust, sustained action
potentials (Fig. 2.5c). After fully washing out the glutamate, activity dissipates almost completely

(Fig. 2.5d).

2.3.6 Lumbar spinal cords cultured for two weeks exhibit very little spontaneous activity and

only respond to high doses of neurotransmitter

Neuromuscular junction maturation requires the muscle to be in close apposition with
motor neurons for approximately 2 weeks (Rosenthal and Taraskevich, 1977), so it is imperative
that cultured spinal cords remain electrically active for a similar timespan to allow for maximal
neuromuscular development. Lumbar spinal cords cultured for two weeks exhibit very little
spontaneous electrical activity at baseline, though small unit firings occur sporadically (Fig. 2.6a).
14+ DIV spinal cords do not always respond to a low dose of glutamate (10 uM), but they will
sometimes demonstrate weak activity above baseline levels (Fig. 2.6b). As the glutamate
concentration approaches 100 uM, robust, sustained action potentials are elicited from these
cultured spinal cords (Fig. 2.6c). Activity in response to this high concentration of glutamate
appears rhythmic compared to baseline, indicating that the pattern-generating circuitry within
the spinal cord remains largely intact (Fig. 2.6¢). This is further supported by the presence of burst
firing activity of multiple spinal cords in response to joint stimulation with glutamate and 5-HT

(Fig. 2.6d). After washing out the glutamate with fresh ACSF, no activity is recorded (Fig. 2.6e).
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Spontaneous firing and sensitivity to glutamate decrease in cultured spinal cords over time

The spontaneous activity of the spinal cord and its sensitivity to glutamate both decrease
as time in culture increases out to two weeks. Under baseline conditions, the spinal cord is
initially highly active during acute recordings. The amplitude, frequency, and number of
spontaneous potentials all decline the longer the spinal cord is cultured (Fig. 2.7a). When a 10
UM bolus of glutamate is applied to the bath, spinal cord activity is elicited across all three time
points (Fig. 2.7b). The effect is greatest on acute spinal cords and the least consistent at 14+ DIV
(Fig. 2.7b). As glutamate concentrations reach 100 uM, electrical activity peaks at 0, 7, and 14
DIV (Fig. 2.7c). The activity is visually indistinguishable at this dose and continues until the
glutamate is washed out (Fig. 2.7c,e). Dual application of glutamate and 5-HT stimulates
patterned bursts of electrical activity at both 0 DIV and 7 DIV (Fig. 2.7d). Upon washout of the
glutamate, activity drops below baseline levels and remains low for more than 15 minutes after

the wash has been completed (Fig. 2.7e).
2.4 Discussion

Organotypic lumbar spinal cord cultures provide researchers with a more easily
accessible, controllable, and quantifiable system than in vivo work or dissociative in vitro studies.
We confirmed that many of the cell types found in central pattern generators (CPGs) were
present in lumbar spinal cords, including populations of interneurons (Lanuza et al, 2004; Fig.
1d,e,f), motor neurons (Hagglund et al, 2010; Fig. 1f; Fig. 2f), and multiple glial subtypes
(Couteaux, 1973; Fig. 2.1d,e,f; Fig. 2.2e). We demonstrated for the first time that spinal cords
could be cultured on glass and kept alive for at least three weeks (Fig. 2.2). Under these
conditions, spinal cords extend a robust, heterogenous arbor of neurons and glia that extend for
over 1 mm and become electrically active within 7 DIV. The sustained electrical activity observed
in response to tonic glutamate stimulation of organotypic spinal cords demonstrates that while
the L1-L2 segment becomes less sensitive to glutamate over time, the neurons still responded
similarly when stimulation reached the threshold. This work demonstrates the first example of

intact, organotypic spinal cord circuitry generating electrical activity for multiple weeks in vitro.
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Many structures that are difficult to access physically, optically, or pharmaceutically, can
best be studied in organotypic slice culture in vitro (Prosser and Gillette, 1989). Previous work on
organotypic CNS cultures have shown minimal differences between in situ electrophysiology and
the organotypic brain slice cultures (Muller et al, 1993; Uesaka et al, 2005; Rohrbacher et al,
2000; Gillette and Tischkau, 1999). Contrary to previous findings, our study determined that
cultured spinal cords have a decreased sensitivity to glutamate (Fig. 2.7b,c) and reduced basal
activity (Fig. 2.7a), though this does not prevent the tissue from generating patterned bursting
activity (Fig. 2.7d). However, many of these previous studies investigated shorter time windows
ranging from 24 h to 4 DIV, and only a few of the studies with hippocampal brain slices extended
beyond 10 DIV. There are no published electrical recording data from rat spinal cords beyond
postnatal day 3, so we are unable to compare our results to previous findings at a chronologically
similar timescale. Therefore, it will be important to perform additional electrophysiological
recordings of acute spinal cords from older animals to compare them with our organotypic spinal

cord cultures.

In some organotypic hippocampal slice cultures, it has been shown that the timecourses
of electrophysiological maturation and axonal branching complexity are comparable between in
vivo and in situ hippocampal brain slices (Muller et al, 1993; Uesaka et al, 2005). However,
dissociated hippocampal cultures have demonstrated reduced levels of spontaneous activity as
well as reduced sensitivity to stimulation when cultured for up to 5 weeks which more closely
aligns with our observations in the spinal cord (Odawara et al, 2014; Fig. 2.7). It has also been
reported that neuronal activity is heavily modulated by the presence of other cells (e.g., skeletal
muscle), and we hypothesize that passive spinal cord activity would be heavily modulated by
being co-cultured with muscle (Odawara et al, 2014; Balice-Gordon and Lichtman, 1993;

Rosenthal and Taraskevich, 1977; Bennett and Pettigrew, 1976).

The lack of obvious patterned bursts in both our acute (Fig. 2.4a-d) and cultured (Fig. 2.5,
Fig. 2.6, Fig. 2.7) spinal cords is likely due to the stimulus consisting only of glutamate when it is
known that other neurotransmitters are also present in the spinal cord and brainstem that
significantly modulate the pattern of electrical activity. The use of an NMDA and serotonin

cocktail to stimulate oscillatory firing is common practice in these acute electrical recordings of
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CPG activity (Cazalets et al, 1995; Kiehn, 2006; Brownstone and Wilson, 2008; Ghosh and Pearse,
2015). When we applied both glutamate and 5-HT simultaneously, we observed the patterned
bursts previously reported and hypothesized (Figs. 2.4d, 2.6d, 2.7d). In future experiments,
antagonistic blockade of receptors would be an important method of experimental control to
isolate and determine the effects of NMDA/glutamate and 5-HT/serotonin. APV is a well-known
antagonist for NMDA receptors that will work well for blockade of the NMDA stimulation, but
blockade of serotonin receptors is far more complex. Researchers have determined that the 5-
HT1,24,2¢,3,7 receptors are important for the regulation of spinal locomotor networks, but that the
5-HT, receptors play the largest role in driving the K*-linked inhibitory rebound (Courtine et al,
2009; Guertin and Steuer, 2005; Liu et al, 2009; Jacobs and Fornal, 1993; Harvey et al, 2006; Li et
al, 2007; Perrier et al, 2013; Gackiere and Vinay, 2014). Clozapine is an atypical antipsychotic in
humans that also acts as an antagonist for each of the 5-HT receptor subtypes associated with
locomotion (Saber et al, 2019). Therefore, we expect that a cocktail of APV and clozapine would
provide a sufficient blockade from stimulation by NMDA and serotonin to serve as controls. By
stimulating with, and blocking against, a mixed glutamate and serotonin cocktail, we hypothesize

that more classical bursting activity would be observed.

Rodent spinal cord cultures with sustainable, characterized patterns of electrical activity
could provide researchers with improved access to and knowledge about one of the most
understudied mammalian circuits. It would provide a unique platform on which researchers can
investigate the pathology of neuromuscular diseases and the modes of action for drugs against
ALS, spinal muscular atrophy, Duchenne’s muscular dystrophy, and peripheral neuropathies.
Future experiments could also prove instructive about how complex neuronal circuits behave in
medium-to-long-term culture conditions. Currently, the precise circuitry underlying mammalian
CPGs is unknown (Kiehn, 2006), but enhancing our understanding of these locomotive circuits is
an important step towards improving clinical rehabilitation of patients with spinal cord injury
(SCI; Edgerton et al, 2004; Rossignol et al, 1998). The treatments physicians can offer to SCI
patients are very limited and largely ineffective (MacDonald and Sadowsky, 2002). Through
better understanding of spinal cord circuits like CPGs, clinicians and researchers will be able to

design better therapies to improve patients suffering from a variety of SCls. Continuing advances
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in biorobotics are pushing the boundaries of science and sustained long-term growth and re-
innervation of motor pathways is an important step in the creation of biologically based

prosthetics (Rossiter et al, 2009; Albalaihid et al, 2017; Park et al, 2014).
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2.5 Figures

Figure 2.1. (a) A fully intact rat spinal cord is shown, with a white box outlining the first and

second lumbar (L1-L2) region, which houses the hindlimb locomotor central pattern generator
(CPG). (b) Performing passive CLARITY on a rat spinal cord causes the spinal cord to become
nearly transparent. (c) Neurons (Tuj1, green) are seen making up the major structures of the

67



Fig. 2.1 (cont.). exterior of an intact lumbar rat spinal. (d) Light sheet imaging allows for imaging
of both external structures such as the dorsal root ganglion (indicated by a white arrow) and
internal organization. We see the presence of Schwann cells (MPZ, blue), neurons (Tuj1, green),
and astrocytes (GFAP, red) in both the internal and external structures. The inset to the right
shows in situ astrocytes deep within the spinal cord. (e) Horizontal cross-section of lumber spinal
cord shows the presence of neurons (Tujl, blue) and glia (GFAP, green) within the spinal cord.
Excitatory interneurons (EN) stimulate lower motor neurons (MN) in the ventrolateral spinal
cord. (f) Choline acetyltransferase (ChAT, magenta) co-localizes with Tujl and appears
ventrolaterally in the cross section, confirming the presence of the cholinergic neurons at the
output of the CPG.
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Figure 2.2. (a) Image of a cultured spinal cord 2 h after being seeded before any outgrowths
extend onto the glass substrate. (b) By 7 DIV, robust outgrowths have extended from the spinal
cord. (c) Fasciculation of the outgrowths into more well-defined nerve-like structures begins to
occur by 14 DIV. (d) Processes that grow out from cultured spinal cords grow demonstrate
significant extension between at all time points after 1 DIV, but there are no significant changes
in maximal outgrowth length between 7 and 20 DIV. (e) Neuronal outgrowths radiate from a 7
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Fig. 2.2 (cont.). DIV rat spinal cord (SC) cultured on Matrigel-coated glass. These outgrowths
contained large populations of both neurons (Tuj-1, blue) and astrocytes (GFAP, green). (f) The
colocalization of ChAT (red) and Tuj-1 tubulin immunohistochemistry indicates that these
processes are nearly entirely cholinergic. The dark area is SC that is out of the plane of focus.
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Figure 2.3. Multi-electrode array recordings of outgrowths from an organotypic spinal cord
culture. (a) Image of the 64-electrode array on which the spinal cord is cultured. (b) Lumbar spinal
cord is seeded with its ventral side facing the electrodes. The MEA is coated with 1% Matrigel
before seeding. (c)-(d) Magnified view of two different spinal cord cultures where early
outgrowths reach nearby electrodes. (e) Raster plot of action potentials fired at a single electrode
of a 7 DIV spinal cord over 5 m. (f) Raw electrical data from 60 s shows that action potentials

71



Fig. 2.3 (cont.). come in multi-second long bursts. (g) Overlay of all action potentials recorded by
a single electrode over a 10 min interval.
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Figure 2.4. Acute lumbar spinal cord recordings demonstrate both spontaneous and stimulated
activity in response to glutamate. (a) The spinal cord is highly active at baseline. (b) A single dose
of glutamate (10 uM) is sufficient to alter the firing pattern of the spinal cord. (c) After multiple
doses of glutamate (final concentration 100 uM), the spinal cord exhibits robust action potentials

similar to the 10 uM glutamate condition. (d) Simultaneous application of 100 uM glutamate and
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Fig. 2.4 (cont.). 100 uM 5-HT elicited burst firing patterns from acute spinal cord tissues. (e) After
washing out the glutamate (5 full replacement washes), activity is reduced below what is
observed at baseline, but is still present. Voltages are relative values, and therefore not displayed.
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Figure 2.5. Recordings from lumbar spinal cords cultured for one week demonstrate infrequent
spontaneous activity and a slightly reduced sensitivity to glutamate stimulation compared to
acute conditions. (a) Spinal cord activity at baseline occurs in small random bursts with large
potentials found occasionally. (b) One dose of glutamate (10 uM) increases the firing rate of the
spinal cord. The firing of both large and small units can be detected. (c) A high dose of glutamate
(final concentration 100 uM) elicits robust, sustained action potentials. (d) After washing out the
glutamate (5 full replacement washes), activity dissipates almost completely. Voltages are

relative values, and therefore not displayed.
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Figure 2.6. Recordings from lumbar spinal cords cultured for two weeks exhibit very little
spontaneous activity and only respond to a high dose of glutamate. (a) There is very little
spontaneous electrical activity at baseline, though small unit firings occur sporadically. (b) Spinal
cords that have been cultured for two weeks do not always respond to a low dose of glutamate
(10 uM), but they can demonstrate weak activity greater than what is observed at baseline. (c) A
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Fig. 2.6 (cont.). high dose of glutamate (final concentration 100 uM) elicits robust, sustained
action potentials. Some spinal cords begin firing in patterned bursts in response to a bolus of 100
UM glutamate. (d) Burst firing pattern is observed in response to a 5-HT + glutamate (100 uM
each) neurotransmitter cocktail. (e) After washing out the glutamate (5 full replacement washes),
no activity is recorded. Voltages are relative values, and therefore not displayed.
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Figure 2.7. Spinal cord responds to high doses of glutamate in monoculture out to 14 DIV. (a) At
0 DIV, the spinal cord is highly active at baseline. The addition of glutamate reduces the overall
firing rate at both 10 uM and 100 uM doses. (b) By 7 DIV, the spontaneous firing at baseline is
greatly reduced. Both low and high doses of glutamate cause the spinal cord to become highly
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Fig. 2.7 (cont.). electrically active. (c) At 14 DIV, spinal cords do not exhibit spontaneous firing at
baseline or respond to a low dose of glutamate. However, a high dose of glutamate initiates
robust electrical activity with a clear bursting pattern indicative of a pattern generating circuit.
(d) Dual application of glutamate and 5-HT elicits burst firing in both acute and 14 DIV spinal
cords. (e) Post-wash activity is reduced below baseline in the acute spinal cords and disappears
completely in both the 7 DIV and 14 DIV conditions. Voltages are relative values, and therefore

not displayed.
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CHAPTER 3. CULTURE PARADIGM OF SKELETAL MUSCLE INFLUENCES MUSCLE
SUB-TYPE DIFFERENTIATION

3.1 Introduction

The advent of new technologies has allowed for cells and tissues to be studied in ways
never before possible. By reaching across the disciplines of developmental biology, tissue
engineering, and personalized medicine, scientists are now able to answer deeper questions
about even the most well-studied systems. Researchers have understood for years that cell lines
and 2D cell culture paradigms had stark differences to what has frequently been observed in vivo,
and recent advances in cell sourcing and cell biology have provided ways to help bridge that gap.
These new techniques have renewed the study and characterization of systems like developing
muscle to investigate muscular dystrophies, the design of better bioactuators, and the

production of lab-grown meats.

Previous work on skeletal muscle has commonly used C2C12-derived myoblasts to study
muscle differentiation, force production, and neuromuscular interactions (Kislinger et al, 2005;
Bajaj et al, 2011; Al-Rekabi and Pelling, 2013; Fu et al, 2001; Benveniste et al, 2005). Since their
use was first documented, C2C12 cells have been available from commercial suppliers and
commonly used to study muscle in vitro (Yaffe and Saxel, 1977). C2C12 were initially obtained by
serially passaging myoblasts isolated from the quadriceps muscle of C3H mice with the
homozygous recessive dy gene that had undergone crush injury. The dy gene primarily
dysregulates the M-laminin component of the basement membrane produced by muscle cells,
resulting in a phenotype similar to early-onset human muscular dystrophy. However, the dy
mutation does not dysregulate dystrophin (Xu et al, 1994), the key cytoplasmic protein mutated
in Duchenne’s muscular dystrophy. Healthy dystrophin connects the cytoskeleton to the
extracellular matrix (Monaco et al, 1986; Zubrzycka-Gaarn et al, 1988). It is not commonly known
among muscle researchers that C2C12 are from a dystrophic mutant, in part because none of the
biggest vendors — Sigma Aldrich, Thermo Fisher, ATCC, or AbCam — include on their protocols or
information sheets that the cells come from a dy-mutant or that they were multiply passaged

from crush-injury mouse models before immortalization. When engineering a 3D muscle tissue,
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itisimportant to contrast C2C12 to their primary cell counterparts to determine which cell source

is most useful for a specific study.

For over a century, researchers have used 2D cell cultures as models to study cellular and
molecular behaviors. Although these approaches are well-accepted and have significantly
advanced our understanding of cell behavior, a growing body of evidence shows that culturing
cells in 2D systems can result in irregular biophysical and biochemical responses. Specific
behaviors of cancer cells, muscle fibers, and hepatocytes have all been more closely aligned with
in vivo knowledge when cultured in 3D rather than 2D (Choi et al, 2010; Mudera et al, 2010;
Gieseck Ill et al, 2014). Recent advances in 3D culture such as sandwich culture, micropatterning,
porous hydrogels, and 3D printing (Bi et al, 2006; Chaubey et al, 2008; Lee et al, 2015; Cvetkovic
et al, 2014) have contributed to the rapid rise of publications studying cell populations in 3D,
aiming to improve upon older, 2D data. The production of mature muscle fibers in 2D cultures
has always been difficult due to the intrinsic spontaneous twitching of healthy myotubes during
development (Capers, 1960). On a stiff substrate, such as the traditional hard glass or plastic of a
petri dish or cell culture flask, spontaneous contractions will often cause the myotubes to pull
themselves off the substrate. This results in cultures that have been biased for fibers that either
contract weakly or not at all. There is also strong evidence that muscle cells in 3D culture systems
reach later stages of development, and do so more quickly (Langelaan et al, 2010; Grabowska et

al, 2011).

Skeletal muscle fibers are broadly classified into two different fiber types, Type | (slow-
twitch) and Type Il (fast-twitch) fibers. Fiber type can have a profound impact on muscle
dysregulation due to genetic muscular dystrophies or aging-induced muscle atrophy (Talbot and
Maves, 2016). Muscle fiber types are generally defined by the myosin heavy chain isoforms that
they express, but many other components contribute to a fiber’s physiological characteristics as
well. Most vertebrate muscles contain a mix of Type | and Type Il fibers, though the ratio of each
is tailored to the needs of that specific muscle. Slow-twitch muscle fibers are more efficient over
long periods of time and are frequently used for controlling posture (e.g. abdomen), holding up

the head (neck), or endurance exercise like running or walking long distances (e.g.
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gastrocnemius). Type Il fibers have larger diameters, contract with greater force, and tire much
more quickly (e.g. biceps, quadriceps and trapezius muscles). This variation is at least partly due
to the metabolic differences between the fiber types. Type | muscle has more mitochondria than
Type |l and generally relies more on aerobic respiration to generate energy. Because of this
increased metabolic workload, Type I-dominant muscles are more vascularized and visually
appear to be red rather than white like Type ll-dominant muscles. Slow- and fast-twitch muscle
fibers display different contractile profiles which will influence the force production, behavior,
and stimulus-response coupling of any engineered muscle tissue. Muscle fiber subtype can be
determined based on which myosin heavy chain (MHC) isoforms they express. Some muscles
contain only a single isoform of MHC, but others are composed of isoforms. ‘Pure’ skeletal
muscles contain exactly one of Type | (MHC-IB), Type IIA (MHC-lIa), Type 1IB (MHC-IIb), or Type
[ID (MHC-1Id) fibers (Pette and Staron, 1990; Schiaffino and Reggiani, 1994, 1996). Hybrid skeletal
muscle tissues co-express specific pairs of fiber subtypes, including I/1IA, IAD, and IIBD (Pette and
Staron, 1990; Schiaffino and Reggiani, 1994, 1996, 2000 Microscopy Research and Technique).
There are other muscle fiber types associated with specific muscles throughout the body. For
example, MHC-la fibers are found in extraocular and laryngeal muscles (Pette and Staron, 1997)
and MHC-lIc has been implicated in the growth of neuronal processes (Wylie and Chantler, 2008

Molecular Biology of the Cell).

Here, we aim to compare C2C12 to primary skeletal muscle and investigate how cell
source, culture paradigm, and the presence of neurogenic signals can influence muscle cell
development in vitro. First, we developed a modified protocol for the 2D culture of primary
skeletal muscle from rat hindlimb (gastrocnemius and soleus). We determined that primary
cultures have larger myotube diameters, the average AChR cluster has a greater surface area,
and observed more consistent spontaneous contractions than their C2C12-derived counterparts.
Then, we designed a new platform for multiple 3D muscle strips created from isolated primary
muscle cells. Iterative optimization revealed that allowing the muscle cells to proliferate before
seeding them on rounded pillars and being treated with a protease inhibitor greatly increased
the yield of intact muscle strips. These muscle cells exhibited spontaneous contractions and were

capable of matching electric stimulus frequencies at 1, 2, and 4 Hz with a variable force of
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contraction. Western blots revealed that although the extracted primary tissue was a mix of Type
I and Type Il fibers, this identity was not retained by the dissociated satellite cells when cultured
on Matrigel-coated glass in 2D. When cultured in spinal cord-conditioned media, primary skeletal
muscle cells regained a mixed Type I/Type |l fiber type identity. Cell source, 2D culture, and

neuronal releasates are all important factors that influence skeletal muscle development in vitro.
3.2 Materials and Methods
3.2.1 Animal Welfare

Animal procedures were developed in accordance with Public Health Service Policy on
Humane Care and Use of Laboratory Animals and reviewed and approved by the University of
Illinois at Urbana-Champaign Institutional Animal Care and Use Committee. Cultures of primary
skeletal muscle were from postnatal day 8-10 Long-Evans BluGill rats from an inbred colony

maintained by our laboratory, according to previously established protocols (Millet et al, 2007).
3.2.2 Cell Culture Media

Primary Proliferation Medium (PPM) consists of 68% DMEM (Corning, Corning, NY), 20%
Fetal Bovine Serum (FBS, ThermoFisher), 10% Horse Serum (HS, Thermofisher), 1% chicken
embryo extract (CEE, US Biological Life Sciences, Swampscott, Massachusetts), and 1% penicillin-
streptomycin (Cellgro Mediatech, Inc., Herndon, VA). Full media replacement occurred every 2-

4 days, determined by phenol red pH indicator present in DMEM.

Primary Differentiation Medium (PDM) consists of 97% DMEM (Corning), 2% Horse Serum
(HS, ThermoFisher) and 1% penicillin-streptomycin (Cellgro Mediatech, Inc., Herndon, VA). Full
media replacement occurred every 2-4 days, determined by phenol red pH indicator present in

DMEM.

C2C12 Proliferation Medium (CPM) consists of 88% DMEM, 10% FBS, 1% L-glutamine, and
1% penicillin-streptomycin. C2C12 Differentiation Medium (CDM) consists of 88% DMEM, 10%
HS, 1% L-glutamine, and 1% penicillin-streptomycin. Full media replacement occurred every 2-4

days, determined by phenol red pH indicator present in DMEM.
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3.2.3 Primary Skeletal Muscle Dissection, Dissociation, and Seeding for 2D Culture

A T-75 cell culture flask with (ThermoFisher Scientific, Waltham, MA) was coated for a
minimum of 1 h at room temperature in 1% growth factor-reduced (GFR) Matrigel (BD
Biosciences, San Jose, CA) for pre-plating cells. Additional T-25 cell culture flasks with
(ThermoFisher Scientific) were coated for a minimum of 3 h at room temperature in 10% growth
factor-reduced (GFR) Matrigel (BD Biosciences) for culturing cells. In both cases, the Matrigel was
rinsed 1-2 times with sterile DMEM and flasks were kept wet until just before seeding. For each
culture, 3 BluGill rat pups between postnatal day 8-10 (P8-P10) were decapitated. The
gastrocnemius and soleus muscles were rapidly dissected from each leg of the pup and placed

into ice-cold DMEM.

The muscles were moved into a laminar flow hood where they were minced into small
(~1 mm?) pieces using a pair of micro-scissors. They were then rinsed with fresh DMEM and
transferred to a second petri dish with room temperature DMEM using a pipette with the tip cut
to increase the distal diameter and reduce shear on the tissue. The tissue was then transferred
in the same way to a conical tube with 1% v/v Pronase (EMD Millipore) in a water bath at 37° C
for 1 h. The tissue gently shaken every 15 mins (alternatively, one can use a low-speed agitator
placed inside the water bath). After 1 h, the suspension was spun down by low-speed
centrifugation at 400 x g for 5 mins. The supernatant was carefully aspirated without disturbing
the loose tissue pellet and stored in a separate 15 mL conical tube. The pellet was resuspended
in 5 mL of 10% horse serum (HS, ThermoFisher) in DMEM (Corning) and mechanically triturated
with a 10 mL serological pipette until the tissue pieces pass easily through the tip of the pipette.
After allowing the suspension to settle, we collected the supernatant and added it to the original
supernatant vial. The tissue was then resuspended in mL of 10% HS in DMEM and underwent a
second round of mechanical dissociation using a fire-polished Pasteur pipette. After the tissue
settled, the supernatant was again collected and added to the other supernatants. The pooled
supernatants were strained through a 40 um cell-strainer and centrifuged at 1000 x g for 10 mins.
The supernatant was carefully aspirated (and discarded) and the pellet was resuspended in 8 mL

of PPM. The entire 8 mL volume was then seeded in the 1% Matrigel-coated T-25 cell culture flask
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and allowed to sit for 90-120 mins in the incubator. After the pre-plate, the cells were counted
on a hemocytometer and resuspended at an ideal dilution. In this experiment, each T25 flask was
seeded with ~100,000 cells and placed back in the incubator for 45 mins to allow the cells to
settle before adding 5 mL of PM. The first media change was performed 24 h after seeding,
followed by half media replacement every 2-4 days to maintain the presence of secreted
extracellular cues while still providing a fresh source of nutrients. When the cells reached 75-80%
confluence, the PPM was aspirated and the cells were rinsed 1-2 times with warm DMEM. The
cells were then switched to PDM and underwent half media replacement every 2-4 days. All cells

were maintained at 37° C and 5% CO2.

3.2.4 2D C2C12 Culture and Passaging

A T-75 cell culture flask with (ThermoFisher Scientific, Waltham, MA) was coated for a
minimum of 1 h at room temperature in 1% growth factor-reduced (GFR) Matrigel (BD
Biosciences, San Joses, CA). The C2C12 cells were gently thawed at 37° C and seeded in the coated
T-75 cell culture flask in CPM. When they reached 80% confluency, they were either
differentiated or passaged. Differentiation was performed by aspirating the CPM, rinsing the cells
1-2 times with warm DMEM, and switching them to CDM. The cells were passaged by aspirating
the entire volume of media and replacing it with 5 mL TryplE (ThermoFisher) to release the cells
from the substrate. The flasks with TryplE were placed in the incubator for 1 min. Once the cells
were released, they were aspirated and mixed with 10 mL of 10% HS in DMEM before being
centrifuged at 800 x g for 5 mins. The supernatant was aspirated and was replaced by 1 mL CPM.
A cell count was performed on a hemocytometer and the cells were diluted according to the

specific experiment before being re-seeded.

3.2.5 Spinal Cord Culture and Conditioned Medium

Spinal cords were extracted and cultured as previous described in Chapter 2, Section
2.2.3. We performed an initial full media replacement at 1 DIV and additional half media
replacements at 3 and 5 DIV. The media was then conditioned for 48 h between 5 and 7 DIV

before being collected. The spinal cord conditioned medium (SCCM) was then strained through
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a 40 um cell strainer, aliquoted, and stored at -20° C. Once a sufficient volume of SCCM was
collected, skeletal muscle cultures were incubated in 60% PDM/40% SCCM and underwent half

media replacements every 2-4 days.
3.2.6 Design and Fabrication of Multiple Muscle Array

PDMS platforms were fabricated using microfabricated silicon molds and manual post-
processing. Silicon wafers were patterned by photolithography, etched using the Bosch process,
and coated with polytetrafluoroethylene to facilitate removal of PDMS from the mold. PDMS
(Sylgard 184) base and cross-linker were mixed at 10:1 ratio by weight, poured onto the silicon
molds, and degassed using a vacuum desiccator. Samples were cured at 60° C for 12hr and peeled
off the silicon mold. To achieve the T-shape of the pillars that is necessary to anchor muscle strips,
caps were manually attached to the pillars. Approximately 200 x 200 um square pieces were cut
from 50 um thick spin-coated PDMS films using a razor blade. These caps were then manually
glued onto the pillars using uncured PDMS. Prior to tissue seeding, platforms were cleaned by
sonicating in ethanol for 20 mins and then autoclaving at 121° C for 45 min while immersed in DI
water. Platforms were then blow dried and sterilized by autoclaving at 121° C for another 45 min

with 30 min drying time.
3.2.7 Formation of 3D Primary Skeletal Muscle Strip

For all tissue seeding procedures, extracellular matrix (ECM) solution was prepared on ice
by first neutralizing Type | collagen from rat tail (Corning, Corning, NY) with 1N sodium hydroxide,
10X phosphate buffered saline (PBS), and molecular biology grade water, and then mixing pH-
neutralized collagen thoroughly with growth factor reduced Matrigel (Corning). Collagen and
Matrigel were used at final concentrations of 2mg/ml each. To form muscle strips, primary
skeletal muscle cells were suspended in the ECM solution at a density of 2x108 cells/mL. The cell-
ECM mixture was pipetted into each well and polymerized at room temperature for 20 mins.
During this time, samples were inverted every 2-4 mins. After this, samples were incubated at
37° Cfor 15 mins to complete the ECM polymerization. Samples were then flooded with PPM and

incubated for 1 day while the myoblasts compacted the ECM gel and formed a strip. Full media
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replacement was performed after 1 day. After 3 DIV, PPM was switched to PDM to facilitate
myotube formation. All cells underwent full media changes every 2 days while being maintained

at 37° Cand 5% CO2.

3.2.8 Immunofluorescence and Histology

Tissues were rinsed in PBS and fixed in 4% (vol/vol) paraformaldehyde. Prior to
immunostaining, tissues were permeabilized with 0.3% (vol/vol) Triton X-100 (EMD Millipore)
and blocked with 5% Normal Goat Serum (NGS, Abcam, Cambridge, UK) for 30 mins. Tissues were
incubated with alpha-actinin (1:2000, Abcam) and conjugated alpha bungarotoxin (1:1000 EMD
Millipore) for 48 h at 4° C and washed with PBS. Tissues were incubated with Alexa Fluor 568 goat

anti-mouse IgG in PBS for 2 h at room temperature in the dark.

3.2.9 Western Blot Protein Assay

Muscle samples were freeze dried by dry ice and stored at -80 °C until assay. Frozen tissue
samples were mixed with 30 uL Tissue Protein Extraction Reagent (T-PER, Pierce, Rockford, IL),
plus 0.2% SDS, 1 mM EDTA, and 1x complete protease inhibitor cocktail (CalBioChem, Darmstadt,
DE) on ice, and homogenized. After 2-min incubation on ice, the samples were centrifuged at
14000 rpm for 2 mins, and the supernatant was transferred to a clean tube. Protein content of
each sample was determined by BCA protein assay (Pierce, Rockford, IL). Total protein (25
ug/sample) was resolved in 8% SDS-PAGE and transferred to a 2-20% gradient gel membrane
(Bio-Rad, Hercules, CA). Membranes were probed with 1:2000 dilution of mouse anti-biotin-
myosin heavy chain type | and the same dilution of rabbit anti-biotin-myosin heavy chain type Il
antibody (Cellsignaling, Danvers, MA) overnight, and developed with SuperSignal West Femto

Maximum Sensitivity Substrate (Pierce, Rockford, IL).
3.2.10 Statistical Analysis
Statistical differences were determined by ANOVA followed by the Tukey’s post-hoc test

for the change in outgrowth length and for amplitude of muscle contraction, and by Student’s t-
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test for acetylcholine cluster surface area. In all cases, significance is indicated by p < 0.05. Sample

size is indicated within corresponding figure legends.

3.3 Results

3.3.1 Two-dimensional monocultures of primary skeletal muscle produce myotubes with larger

fiber diameters and clusters of AChRs than C2C12

To develop a bioactuator that is capable of producing a biologically relevant amount of
force and of mimicking natural in vivo development, we needed to determine an ideal cell source.
We isolated and cultured primary skeletal muscle satellite cells from a combined sample of the
gastrocnemius and soleus muscles from young (P8-P11) rats for comparison with myoblasts from
the C2C12 murine cell line. Figures 3.1a,d show two representative images of C2C12 and primary
skeletal muscle (1° SkM) cultures on 10% Matrigel-coated glass at 10 DIV. The primary myotubes
have a mean diameter 46.41 um, more than 2-fold greater than the mean diameter of C2C12
myotubes (22.75 um, Fig 1g). Fluorescently labeled a-bungarotoxin (a-BTX, green) was used to
label nicotinic AChR. a-BTX appears more diffuse on C2C12 myotubes (Fig. 3.1b), as opposed to
the brighter, more concentrated staining on primary muscle cells (Fig. 3.1e). The number of AChR
clusters per myotube is not different between the primary and cell-line derived cultures (Fig.
3.1i), however the clusters on the primary myotubes have significantly larger surface areas than
the C2C12-derived myotubes (Fig. 3.1h). Myosin heavy chains drive contraction by pulling against
nearby actin molecules but cannot do this without being anchored by titin to the z-disk at the
other end. Figures 3.1c,f show more organized z-disks (a-actinin, red) in primary muscle cells than
C2C12, demonstrating a more complete and organized contractile apparatus. Additionally, a
greater percentage of primary skeletal muscle cultures exhibited spontaneous contractions than
C2C12 at 4, 7, and 10 DIV (Fig. 3.1j). However, by 14 DIV the percentage of dishes with
spontaneously contracting fibers significantly decreased in both conditions. Primary skeletal
muscle cultures on glass have greater diameters, larger AChR clusters, more clearly organized z-

disks, and exhibit more spontaneous contractions than their C2C12 counterparts.
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3.3.2 Design, fabrication, and optimization of an array for seeding multiple engineered, three-

dimensional muscle tissues

Based on measurements from Figure 2.2d, we know that with no additional stimuli,
cultured spinal cords can extend neuronal processes up to 1.66 mm from the spinal cord and that
the diameter of a rat spinal cord is approximately 1.2 mm (Fig. 2.1a). The platform was designed
such that the distance from the longitudinal midpoint of the platform to the longitudinal
midpoint of the muscle strip is 1.5 mm. This was designed such that the distance from the lateral
edge of the spinal cord to the lateral edge of the muscle strip is 0.7 mm. The pillars in the wells
serve as anchoring points, much like tendons within the musculoskeletal system, for the muscle
to adhere to during its compaction and development. The original design was 3D-printed using
a poly (ethylene glycol) diacrylate (PEGDA) hydrogel. However, after one iteration on this design
where | failed to account for the resolution of the laser, the stereolithographic apparatus (SLA)
experienced severe technical problems and needed to be replaced. Searching for alternatives, |
began a collaboration with Onur Aydin in the Saif Lab where he agreed to help re-design the
devices for microfabrication. In the second design, we made the muscle strips smaller and
increased the number of muscle strips on each side to two sets of pillars. By designing smaller
strips, we believed it would increase innervation ratio and contraction force without greatly
affecting the surface area available to the spinal cord for innervation. Figure 3.2a shows an early
iteration of this device with the smaller wells and rectangular pillars with square caps. Seeding
the satellite cells directly on the original design resulted in 53.6% of wells containing a full muscle
strip (connecting both pillars), 25% of wells had broken, or ‘half’ strips where the tissue had
collapsed around one pillar, and the remaining 21.4% of wells were completely empty by 4 DIV
(Fig. 3.2d). By 8 DIV, only 7.1% of wells contained full strips while there were more than 2 times
as many half strips at 8 DIV (64.3%) as there were at 4 DIV (25%) (Fig. 3.2d,e). Based on other
experiments being done in both the Bashir and Saif labs with muscle cell culture, we decided to
culture the primary satellite cells to 80% confluence before passaging them and seeding the
devices (MT). This resulted in a greater ratio of intact strips at both 4 (10.7% more) and 8 (14.3%
more) DIV (Fig. 3.2d,e), though the majority were still rupturing by 8 DIV. We hypothesized that

this breakage may be occurring due to the sharp edges of the rectangular pillars (Fig. 3.2b)
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rupturing the muscle strip as it contracted and switched to a rounded pillar (Fig. 3.2c) design for
the next iteration of devices. This did not have a significant effect on the ratio of intact muscle
strips through 8 DIV. Previous work has shown that the addition of a protease inhibitor, such as
the broad-spectrum cathepsin inhibitor E-64, prolonged the lifespan of 3D muscle tissue cultures
(Cvetkovic et al, 2017). The presence of the protease inhibitor E-64 in the primary skeletal muscle
differentiation media resulted in 68.8% of wells containing full strips at 8 DIV, significantly greater

than any other condition.

3.3.3 Engineered, three-dimensional muscle strips in multiple muscle array contract

spontaneously and synchronize with patterned electrical stimulation

The functionality of the multi-muscle array was tested at baseline and with electrical
stimulation and contractions were recorded by video (Fig. 3.3a). While more spontaneous
twitching was observed in 2D cultures by 4 DIV, the trend is reversed and a greater percentage
of dishes exhibited spontaneous muscle contractions by 8 DIV in the 3D cultures (Fig. 3.3b).
Initially, the platform is submerged in differentiation media and provided no additional cues
during baseline recording, where we observed a mean pillar displacement of 10.47 um due to
spontaneous muscle contractions (Fig. 3.3c). Stimulation was applied via a 10 V electric field at
1, 2, and 4 Hz which caused the muscle strips to alter both the frequency and amplitude of their
contractions (Fig. 3.3d). To analyze the videos of muscle contraction, a region of interest (ROI)
around one of the hydrogel pillars was isolated (shown as dotted rectangles in Fig. 3.3a) and its
displacement plotted over time (Fig. 3.3c-d). The amplitude of contraction, or the displacement
of the pillar within the ROl decreases from 9.78 um at 1 Hzto 7.81 um at 2 Hz t0 4.28 um at 4 Hz
(Fig. 3.3e). The elicited contractions from the 1 Hz, 2 Hz, and 4 Hz stimuli were 0.944 Hz, 2.00 Hz,
and 4.16 Hz respectively (Fig. 3.3f). Interestingly, the spontaneous contractions occurred at 2.32
Hz, but the spontaneous amplitude did not correlate to the trend observed during electrical
stimulation. One possible explanation is the presence of predominantly Type Il (fast-twitch)
muscle fibers which would produce smaller forces is response to higher frequency stimulations,

unlike Type | (slow-twitch) fibers.
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3.3.4 Primary skeletal muscle fibers lose their source identity when cultured, but can recover

a mixed fiber type identity in the presence of released spinal cord factors

To track the differentiation of muscle cells into different fiber subtypes, we compared the
original whole muscle cocktail (WM, left and right gastrocnemius and soleus muscles), 2D
dissociated satellite cell monocultures (2D), and 2D dissociated satellite cell monocultures in
spinal cord-conditioned medium (SC CM). Muscle subtype was determined by performing
Western blots for myosin heavy chain (MHC) isoforms commonly found in Type | (slow-twitch,
MHC-S) or Type Il (fast-twitch, MHC-F) muscle. Figures 3.4a,b are representative Western blots
for all conditions and both muscle fiber isoforms. Both Type | and Type Il muscle were present in
the WM samples (Fig. 3.4a,b), as expected from previous characterization of rat gastrocnemius
and soleus muscles (Kanda et al, 1986). The 2D cultures were flash frozen and analyzed after
observing two consecutive days of spontaneous contractions between 4-7 DIV. The complete lack
of labeled protein in the 2D cultures was highly unexpected due to the observed contractions
before the sample was prepared for blotting. However, the 2D samples were run on the same gel
as the WM and biotinylated ladder, a Ponceau stain revealed protein in those lanes after transfer
(Fig. 3.4c¢), the staining procedure was performed at the same time under the same conditions
for WM and 2D, and multiple repeats (three biological repeats and two technical repeats of each
biological sample) were performed. When satellite cells were grown and differentiated in SCCM,
the resultant fibers stained positively for both mature Type | and Type Il isoforms of myosin heavy
chain (Fig. 3.2a,b). This is consistent with previous work has demonstrated that fiber type
differentiation is affected by the presence (or absence) of motor neurons during maturation

(Pette and Staron, 1997).

3.4 Discussion

This chapter demonstrates the development of a novel platform for forming multiple, 3D
muscle strips with primary skeletal muscle and makes a compelling case for the use of primary
cells over the most common alternative, the C2C12 immortalized cell line. Primary muscle cells
exhibit greater similarity to in vivo tissues, making them a better model for studying

development, disease, and dystrophy. The multiple muscle array demonstrated here allows
96



researchers to not only study gross muscle properties such as alignment, force generation, and
neuronal innervation, but also to investigate deeper histological and functional questions in 3D.
This enables future experiments involving either contralateral (left-right pairing) or ipsilateral
(flexor-extensor) coordination of multiple muscles. Additionally, by using an open-faced, modular
platform, scientists can replace the healthy muscle tissue with diseased or dystrophic tissue and
use conventional microscopy techniques to answer basic research questions or to test

pharmacological interventions.

Previous work has demonstrated a lack of sarcomeric structure in C2C12 which was
confirmed in our study (Langelaan et al, 2010; Fig. 3.1¢,f). It has also been established that there
is a strong correlation between the cross-sectional area of a myotube and its force output (Kayani
et al, 2010). Another predictive metric of force production in vivo is innervation ratio (Totosy de
Zepetnek et al, 1992). A greater number of innervated fibers will lead to a larger summed
contraction, in part because neuronal excitation is an important step of myotube maturation
(Engel and Karpati, 1968; Eftimie et al, 1991). Having larger, more defined AChR clusters on the
primary muscle fibers is expected to aid with neuronal innervation and, subsequently, contractile
force (Steinbach, 1981). Here, we demonstrated that primary cultures have larger myotube
diameters, the AChR clusters had greater surface areas, and we observed more stronger, more
consistent spontaneous contractions in primary cells than in C2C12. Due to these findings, we
believe researchers should use primary skeletal muscle to best mimic natural, healthy physiology

when possible.

We also used Western blots to assess mature myosin heavy chain isoforms linked with
Type | (slow-twitch) and Type Il (fast-twitch) muscle fibers. This revealed that 2D primary muscle
cultures lose their fiber-type identity, despite performing spontaneous contractions on at least
two consecutive days. The lack of protein present in the Western blots from the 2D cultures was
unexpected. Spontaneous contractions were observed before the samples were processed for
blotting. The total amount of protein (25 pg/well) was consistent across both the whole muscle
(WM) and 2D conditions, the Ponceau stain for total protein showed significant protein on the

blotting paper indicating the transfer was successful, and the staining protocols were identical
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and performed simultaneously in both conditions. This experiment was repeated with 2 technical
repeats for each of 3 biological repeats. Previous studies have shown that muscle fibers mature
more slowly in 2D and that there are additional, immature forms of myosin heavy chain (e.g.,
MHC-8) (Langelaan et al, 2010; Grabowska et al, 2011; Schiaffino and Reggiani, 2011). We
hypothesize that the spontaneous contractions observed in the 2D muscle cultures express this
immature isoform of myosin heavy chain rather than the mature Type | and Type Il MHC epitopes
that our antibodies recognize. Motor neuron signaling also plays an integral role in muscle
maturation and fiber type identity (Goubel and Marini, 1987; Burnham et al, 1997), which is
supported by our findings with skeletal muscle cultures exposed to spinal cord conditioned media

(Fig. 3.4).

Future experiments could demonstrate the effects of 2D monoculture vs. 3D monoculture
vs. 3D co-culture with spinal neurons on muscle development. Based on previous literature we
hypothesize that the 3D cultures will express mature Type | epitopes, even though the 2D cultures
did not. The conditioned medium 2D skeletal muscle cultures expressed a mixed Type |/Type Il
identity which means they likely have the ability to mature into more pure Type | or Type |l muscle
based on stimulation type (Goubel and Marini, 1987; Burnham et al, 1997). Previous work also
demonstrates that 3D muscle cultures mature more quickly than cultures performed in two
dimensions, which informs our hypothesis that 3D muscle monocultures would be more likely to
gain a fiber type identity than their 2D counterparts (Langelaan et al, 2010; Grabowska et al,
2011). This data takes a key step towards building better tissue engineering platforms because it
is important to understand not only how the cells interact with each other, but also to what

degree the platform affects how the cells develop.

The negative correlation of electric field-stimulus frequency and muscle-contraction
amplitude (Fig. 3.3) in the 3D muscle strips can be at least partially explained by knowing the fiber
type composition of the muscles themselves. Generally, fast twitch fibers generate high force for
brief periods of time and reach exhaustion quickly while slow twitch fibers generate less force
but can maintain it for longer periods of time without tiring. The pattern we observed in Figure

3.3c,d is puzzling because we see short duration contractions with moderate force output and no
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evidence of rapid exhaustion. Even more strangely, the spontaneous contractions do not fit the
pattern of the stimulated contractions (Fig. 3.3). While the spontaneous contractions were 2.32
Hz with a magnitude of 10.47 um, the stimulated data would have predicted contractions at that
frequency of ~8 um instead. One possible explanation of the decreased force production for
higher frequency electrical stimulation is that the muscles are approaching a tetanic state where
they were not allowed to fully relax in between contractions. However, tetanus is usually induced
at > 50 Hz, while in this experiment we were more than 10X below that threshold (Verburg et al,
2001). Further information on the fiber type makeup of the muscle strips may reveal additional

explanations for this behavior.

A platform with modular, functional 3D skeletal muscle strips could serve a variety of uses
across disciplines. It would be an excellent tool for studying the pathology of muscular diseases
and dystrophies and as a platform for studying the efficacy and modes of action of novel drugs
for treatment. We could also visualize this muscle array as a model for Duchenne’s muscular
dystrophy, Steinart’s disease, or age-related atrophy. Engineering functional 3D muscle tissues
can also be useful in the production of edible lab-grown meat. Other variations on engineered,
3D muscles have been grown on spider silk, hydrogels, or on grooved substrates but suffer from
small diameter muscle fibers, low myofiber density, and excessive extracellular matrix (Yao et al,
2016; Ostrovidov et al, 2014; Ko et al, 2019; Powell et al, 2002). Future generations of multi-
muscle platforms can interface with neural tissues such as the spinal cord to become capable of

autonomous or multi-limbed motor behaviors, goal-directed behaviors, or other higher tasks.
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3.5 Figures
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Figure 3.1. Primary skeletal muscle exhibits greater functionality than C2C12 in 2D culture. (a)-
(c) 2D culture of C2C12 early myotubes at 5 DIV. (a) Muscle fibers (red, a-actinin) align with each
other and have thin diameters. (b) Small clusters of acetylcholine receptors (green, a-
bungarotoxin) are spread diffusely along the fibers. (c¢) Banding is not seen even at high
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Fig. 3.1 (cont.). magnification. (d)-(f) 2D culture of primary skeletal muscle at 5 DIV. (d) Muscle
fibers (red, a-actinin) have large diameters, well defined domains, and are well-aligned. (e) Large,
bright clusters of acetylcholine receptors (green, a-bungarotoxin) are tightly grouped on the
muscle fibers. (f) Clear striations due to well-formed z-disks are evident. (g) Primary skeletal
muscle fibers are more than 2-fold greater than the diameters of age- and density-matched
C2C12 cultures. (h) The number of AChR clusters per myotube is not significantly different
between primary and C2C12-derived cultures, but (i) the AChR clusters on primary muscle are
larger than those found on C2C12. (j) More dishes with primary skeletal muscle cultures exhibit
spontaneous contractions than C2C12 cultures, but both peak around 7-10 DIV that decreases by
14 DIV.
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Figure 3.2. Design of a platform for the innervation of multiple muscle strips from a cultured
spinal cord. (a) CAD for the first iteration of microfabricated device. (b) Example of a successful
primary muscle strip that was seeded on square pillars (indicated by dotted box). (c) Example of
the rounded pillars (indicated by dotted box) that were designed to reduce shearing of the muscle
on the sharp cornersin (b). (d)-(e) The percent of wells that contained a full strip wrapped around
both pillars, a half strip where the muscle had collapsed around a single pillar, or that were
completely empty in each iteration of the device at (d) 4 DIV and (e) 8 DIV. First, we mixed
primary myoblast precursors with the collagen-Matrigel ECM and seeded them directly on the
platform. To improve our strip yield, we delayed seeding until we expanded the primary culture
and passaged it one time. Still seeing strip breakages, we rounded the anchoring pillars expecting
that to improve strip yield. The most effective improvement made was adding the broad-
spectrum cathepsin inhibitor, E-64 which resulted in a majority of intact muscle strips by 8 DIV.
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Fig. 3.3 (cont.). (c) Raw spontaneous contraction data of a single muscle strip over 10 s. (d) Raw
contractile data of a muscle strip while being stimulated by an electrical field at 1 Hz, 2 Hz, and 4
Hz. (e) Spontaneous contractions caused greater pillar deflection than was observed at 2 and 4
Hz but was not different from the 1 Hz stimulated amplitudes. The magnitudes of muscle
contraction at 1 Hz were greater than those at 2 Hz and 4 Hz and the contractions under 2 Hz
stimulation were larger than those at 4 Hz. * denotes significant difference from spontaneous
contractions, ‘@’ denotes significant differences from 1 Hz contractions, ‘b’ denotes significant
differences from 2 Hz contractions, and ‘c’ denotes significant differences from 4 Hz contractions
(f) Muscle contractions occur spontaneously at 2.32 Hz and synchronize perfectly to 1 Hz
stimulation (0.944 Hz), 2 Hz stimulation (2.00 Hz), and 4 Hz stimulation (4.16 Hz).
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Figure 3.4. Determination of muscle fiber type identity across different culture conditions (a)
Western blot for myosin heavy chain for slow twitch muscle (MHC-S) shows strong bands at ~200
kDa in the whole muscle (WM, rat gastrocnemius and soleus) samples. There is no discernable
signal in the 2D skeletal muscle cultures (P8-P11 rats, 3 DIV Differentiation Media, 3 DIV
Proliferation Media). The 200 kDa MHC-S band returns when 2D skeletal muscle cultures are
incubated in conditioned spinal cord media (SC CM). (b) Western blot for myosin heavy chain for
fast twitch muscle (MHC-F) shows multiple strong bands above ~200 kDa, including one at ~223
kDa in the whole muscle tissue (WM) samples. There is no discernable signal in the 2D SkM
cultures. When grown in SC CM, 2D SkM cultures once again express multiple bands around 223
kDa for MHC-F. The multiple bands are likely from the different isoforms of MHC-F (Type lla-c
fibers). (c) A ponceau stain shows that protein was transferred onto the membrane for two
samples each of WM (left of the ladder) and 2D conditions (right of the ladder). (d) A ponceau
stain for the conditioned medium blots shows robust protein transfer across all 6 experimental
lanes
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CHAPTER 4. EMERGENCE OF FUNCTIONAL NEUROMUSCULAR JUNCTIONS IN AN
ENGINEERED, MULTICELLULAR SPINAL CORD-MUSCLE BIOACTUATOR

This chapter heavily utilizes the following publication. According to APL Bioengineering,
ResearchGate, and Google Scholar, this publication has been cited 3 times and has over 4700

full-text downloads in the ~1 year since it was published.

'Kaufman, C. D, Liu, S. C., Cvetkovic, C., Lee, C. A., Naseri Kouzehgarani, G., Gillette, R., Bashir,
R., & Gillette, M. U. (2020). Emergence of functional neuromuscular junctions in an engineered,

multicellular spinal cord-muscle bioactuator. APL bioengineering, 4(2), 026104.
4.1 Introduction

Biological robotics is a growing field which derives inspiration from biological systems for
real world applications. Challenges that have historically plagued more traditional, rigid robotics
include interacting with biological tissue, self-repair, and collapsing into biodegradable parts
after completion of a task (Cvetkovic et al, 2018). Biology has already solved many of these
problems faced by rigid robots in creative ways. By abstracting and recapitulating these solutions
we will be able to replicate increasingly natural, complex motor behaviors with novel engineering

approaches to biorobotics (Majidi, 2013).

Mimicking how organisms actuate is one approach that has already led to bio-inspired
devices and machines (Vincent et al, 2006; Han et al, 2017; Gul et al, 2016; Full, 2001; Ricotti and
Menciassi, 2012). Recent work on biological soft robots has already produced ‘biobots’ that
recapitulate a variety of locomotive behaviors; e.g. crawling, swimming, walking, jumping (Gul et
al, 2016; Park et al, 2016; Wen et al, 2013; Low, 2007; Herr and Dennis, 2004; Cvetkovic et al,
2014; Pagan-Diaz et al, 2018; Kovac, 2013; Bartlett et al, 2015). These locomotive biohybrid

! Contributions: C.D.K. designed and performed experiments, conducted analysis, and wrote the manuscript. S.C.L.
designed and performed experiments. C.C. designed materials, performed SEM imaging, and performed
experiments. C.L. designed and performed experiments. G.N.K. performed experiments and ran statistical models.
R.B. analyzed data. R.G. analyzed data. M.U.G. designed experiments and analyzed data. All authors edited the
manuscript.
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actuators are produced primarily with either cardiac or skeletal muscle, and may also use flexible
materials such as aluminum, shape metal alloys, hydrogels (Park et al, 2016; Low, 2007), and soft
plastics (Mosadegh et al, 2014; Majidi, 2013; Full, 2001; Wirekoh and Park, 2017; Nawroth et al,
2012). Cardiac muscle provides rhythmic contractions without requiring external input, but the
intrinsic frequency of those cells is not easily modified, thereby limiting the scope of potential
behaviors. Skeletal muscle allows for a wider array of potential behaviors but requires extrinsic
control mechanisms such as electric fields, optogenetics, and chemical stimulation (Vincent et al,
2006; Park et al, 2016; Webster et al, 2016; Vincent et al, 2006; Webster et al, 2016; Cvetkovic et
al, 2017; Uzel et al, 2016; Frank and Fischbach, 1979; Kiehn, 2006).

Previous work on skeletal muscle has commonly used C2C12-derived myoblasts to study
muscle differentiation, force production, and neuromuscular interactions in vitro (Kislinger et al,
2005; Bajaj et al, 2011; Al-Rekabi and Pelling, 2013; Fu et al, 2001; Benveniste et al, 2005). C2C12
is also the most common cell line used when developing biohybrid machines (Osaki et al, 2018;
Pagan-Diaz et al, 2018; Umbach et al, 2012; Smith et al, 2016; Li et al, 2019; Raman et al, 2016;
Cvetkovic et al, 2014). Research has demonstrated that engineered C2C12 muscle tissues
maintain a consistent degree of contraction for over 250 days after seeding (Cvetkovic et al,
2017). Actuation independent from experimenter influence requires a wireless, onboard control
unit. Vertebrates have solved this through neural control of muscle tissues. Some previous work
has bypassed motor neuron input to the muscle entirely through extrinsic control mechanismes,
such as applied electric fields (Han, 2017), optogenetics (Park, 2016; Uzel, 2016; Raman, 2016),
and chemical stimulation (Han, 2017; Webster, 2016; Cvetkovic, 2017). However, neurons and
muscles exhibit different phenotypes and behaviors when in monoculture or when cultured
together (Fischbach, 1979). Therefore, to create an in vitro model of the NMJ, it is important to
co-culture these cells to allow for emergent organization and multicellular interactions to occur

in vitro.

In vertebrates, complex locomotor tasks are primarily controlled by spinal cord and
brainstem networks. While these networks are heavily modulated by the brainstem, most of the
pattern and rhythm generation involved with locomotion are housed within the spinal cord. An

intact rat spinal cord has three distinct anatomical regions from rostral to caudal: cervical,
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thoracic, and lumbar (Cazalet et al, 1995). The lumbar enlargement is a widened area of the
caudal spinal cord that serves as the attachment site for nerves of the lower limbs. CPGs are
complex, oscillatory networks within the spinal cord which govern a range of rhythmic actions
from locomotion to breathing (Frank and Fischbach, 1979). Quadrupedal locomotion requires the
coordination of flexor-extensor muscle pairing simultaneously within a limb, and between ipsi-
and contralateral pairs of limbs. This is performed by spinal circuits known as central pattern
generators (CPGs). CPGs are roughly symmetrical circuits that generally consist of lateral
excitatory interneurons, medial inhibitory interneurons, and output information to ventrolateral
cholinergic motor neurons. The function of a CPG is to produce patterned output from non-
patterned input. Previous work has identified the first and second lumbar vertebrae (L1-L2) as

the location of the hind-limb locomotor CPG in rats (Cazalets et al, 1995).

Embryonic stem cell (ESC)-derived neuron-like cells can interact with skeletal muscle to
cause small contractions (Cvetkovic et al, 2017; Uzel et al, 2016). However, stem cell-derived
neurons share only a subset of known characteristics with rodent motor neurons and contain cell
types in varying ratios that are not fully identified (Quadrato et al, 2017; Spangler et al, 2018).
Human induced pluripotent stem cells (hIPSCs) have been used to form 3D NMJs that contain
many of the sub-cellular components of in situ NMJs (Osaki et al, 2018; Maffioletti et al, 2018;
Bakooshli et al, 2019). While the activity of stochastically formed neuronal networks can
demonstrate synchronous activity (Van Pelt et al, 2004), functional in situ neuronal circuits are
highly organized for specific purposes. The processes of natural embryonic development that
shape the spinal cord are more robust than current stem cell differentiation protocols and the
resulting circuits are more consistent and well-characterized. The rat spinal cord contains
approximately 36 million cells, of which over 10 million are neurons (Bjugn & Gundersen, 1993).
It is beyond current capabilities to reproduce such a complex, multicellular system using

embryoid bodies, organoids, or other stem cell-derived neural tissues.

Here we use a mixture of top-down and bottom-up design principles to take advantage
of the intrinsic locomotor circuitry of the spinal cord and generate patterned contractions of a
self-assembled, three-dimensional (3D) muscle tissue by chemical stimulation of an isolated,

intact locomotor CPG. Bottom-up design of the muscle allows us to develop a tissue that is an
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appropriate size to interface with a rat spinal cord while also minimizing necrosis (Pagan-Diaz et
al, 2018). Utilizing top-down design principles, we interface an intact locomotor CPG to drive
muscle contraction with the engineered muscle tissue to produce a multi-cellular system capable
of spinally-driven muscle contraction. We confirmed the presence of pre- and post-synaptic
structural components of a motor unit on the 3D striated muscle. We also showed that while the
muscle contracts spontaneously, the contractile frequency is controllable through the application
and subsequent blockade of neurotransmitter applied to the spinal cord. Neurochemical
stimulation of the spinal cord generated patterned contractions of the muscle, indicating the
functionality of the CPG. This ‘spinobot’ is a novel biohybrid robot with multicellular architecture

that demonstrates CPG-driven muscle contractions.
4.2 Materials and Methods
4.2.1 Animal Welfare

Animal procedures were developed in accordance with Public Health Service Policy on Humane
Care and Use of Laboratory Animals and reviewed and approved by the University of lllinois at
Urbana-Champaign Institutional Animal Care and Use Committee. Cultures of primary
hippocampal neurons were from postnatal day 1-2 Long-Evans BluGill rats from an inbred colony

maintained by our laboratory, according to previously established protocols (Millet et al, 2007).
4.2.2 Spinal Cord Extraction and Seeding for 2.5-D Culture

A 35 mm Petri dish with a 14 mm glass coverslip bottom (MatTek Corporation, Ashland,
MA) was coated for a minimum of 1 hin 0.1% gelatin (EMD Millipore, Burlington, MA). The gelatin
was rinsed 3-5 times with sterile PBS, followed by the addition of 100 pL of 1% Matrigel onto
each glass coverslip. The Petri dishes were then placed in the incubator for 60-90 mins to allow
for Matrigel polymerization. For each dish, a single BluGill rat pup between postnatal day 1-5 (P1-
P5) was decapitated. The vertebral column was rapidly dissected from the pup and cleaned to
expose the vertebrae. A small section of the spinal column from the T13 to L2 vertebrae was
isolated using a pair of small scissors. Then, making two diagonal cuts at + 45 degrees from the
ventral midline, the ventral bone was removed thereby exposing the spinal cord. The spinal cord

was then rapidly and gently dissected with a pair of fine-tipped tweezers.
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The spinal cord was placed on ice in 5 mL HibernateA (Life Technologies, Gaithersburg,
MD) where the dorsal root ganglia were removed. The spinal cord was moved to a laminar flow
hood where it was rinsed in fresh HibernateA. Using forceps, the spinal cord was seeded with the
ventral side facing down directly onto the polymerized Matrigel. The spinal cords were placed
back in the incubator for 45 mins to allow the spinal cord to settle before adding 5 mL Spinal Cord
Growth Medium (SCGM) consisting of 96.825% NeurobasalA (Life Technologies) without L-
glutamine or phenol red (Life Technologies), 2% GS21 (MTI-GlobalStem, Gaithersburg, MD), 1%
penicillin-streptomycin (Cellgro Mediatech, Inc., Herndon, VA), 0.125% Glutamax (Life
Technologies), 0.025% Brain Derived Neurotrophic Factor (10 ng/mL, EMD Millipore) , and
0.025% Nerve Growth Factor (1 ng/mL, EMD Millipore). All cells were maintained at 37° Cand 5%
C0O2, with half media replacement every 2-4 days. Half media changes were implemented to
maintain the presence of secreted extracellular cues while still providing a fresh source of

nutrients.
4.2.3 Design and Fabrication of Parts

A commercial stereolithography apparatus (SLA, 250/50, 3D Systems) was modified for
polymerization as previously described (Cvetkovic, et al., 2014). Parts generated using computer-
aided design software were exported to 3D Lightyear software (v1.4, 3D Systems), which sliced
the part into layers. Prepolymer solutions for biobots and holders are described previously
(Cvetkovic, et al., 2014). For fabrication of biobots, an 18 x 18-mm-square cover glass was
secured to the center of a 35-mm culture dish before fabrication. For biobot holders, cover glass
slides were first treated with 2% (vol/vol) 3-(trimethoxysilyl)propyl methacrylate (EMD Millipore)
in 200-proof ethanol (100% EtOH) for 5 min and then washed in 100% EtOH for 3 min, dried, and
secured to the center of a 35-mm dish. Following fabrication, each structure was rinsed in PBS,
sterilized in 70% EtOH for 1 h, and allowed to re-swell in PBS for at least 1 h. This protocol has

been previously published with additional detail (Cvetkovic, et al., 2014).
4.2.4 Formation of Muscle Strip

C2C12 murine myoblasts were maintained in muscle growth medium (CPM) consisting of
Dulbecco’s Modified Eagle Medium with L-glutamine and sodium pyruvate (DMEM, Corning
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Cellgro), supplemented with 10% FBS (Lonza, Alpharetta, GA), 1% penicillin-streptomycin, and
1% L-glutamine (both Cellgro Mediatech, Inc., Herndon, VA) or muscle differentiation medium
(CDM) which consisted of DMEM supplemented with 10% horse serum (HS, Lonza, Alpharetta,
GA), 1% penicillin-streptomycin, and 1% L-glutamine. During cell seeding, C2C12 cells suspended
in CPM were mixed with an ice-cold liquid solution of Matrigel (30% of total cell-matrix volume,
BD Biosciences), fibrinogen (4 mg/ml, EMD Millipore), thrombin from bovine plasma (0.5 U/(mg
fibrinogen), EMD Millipore). C2C12 cells were suspended in CPM at a concentration of 5 x 106
cells/ml and added to each holder in a total volume of 120 uL unless otherwise specified. After 1
h, 4 mL of CPM was added. After 24 h, biobots were released from holders and switched to CDM
with anti-fibrinolytic 6-ACA (EMD Millipore) and human IGF-1 (EMD Millipore) as noted. All cells
and biobots were maintained at 37° C and 5% CO2, with full media replacement every 1-2 days.
This protocol has been previously published with additional detail (Cvetkovic et al, 2014; Raman

etal, 2017).
4.2.5 Spinal Cord Extraction and Seeding on Biobot

For each biobot, a single neonatal spinal cord was extracted as described above. C2C12-
seeded biobots at 7 DIV were also brought into the hood at this time. The media was aspirated
from the biobot Petri dishes and the spinal cord was carefully seeded onto the muscle strip. The
multicellular biobot was placed in a standard incubator at 37° C and 5% CO; for 90 mins before
adding 5 mL of co-culture medium (CCM) consisting of 50% NeurobasalA without L-glutamine or
phenol red, 50% Dulbecco’s Modified Eagle Medium with L-glutamine and sodium pyruvate, 10%
FBS, 2% GS21, 1% penicillin-streptomycin, 0.125% Glutamax, 0.025% Brain Derived Neurotrophic
Factor, and 0.025% Nerve Growth Factor. All cells and biobots were maintained at 37 °C and 5%

CO2, with full media replacement every 1-2 days.
4.2.6 Chemical Stimulation and Recording

The spinal cord was excised and placed in the recording chamber where it was submerged
in 2 mL CCM such that the dorsal side was just covered in media. Glutamate (stock, 10 mM) was
prepared in 300 uM aliquots in DMEM, frozen, and stored at -20° C. APV and DNQX aliquots were
also pre-prepared, frozen, and stored at -20° C with stock concentrations of 50 uM and 20 uM in
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dH,0, respectively. The construct was allowed to rest in un supplemented CCM for 5 min
(Baseline). 20 pL glutamate was added to the CCM bath for 5 min (Stimulation). The CCM-
glutamate mixture was washed out three times with pure CCM and followed by CCM
supplemented with 20 uM APV and DNQX. After 1 min, 20 uL glutamate was added and recording
continued for 5 min (Inhibition). At this point, three full media replacements were performed to
wash out all chemicals from the chamber. The construct was once again recorded in
unsupplemented CCM for 5 min (Washout). Finally, a 20 uL bolus of glutamate was applied for 5
min. During each 5 min phase, a video camera was used to record all motions from time t=0-60

sec, and t=240-300 sec.
4.4.7 Immunofluorescence and Histology

Tissues were rinsed in PBS and fixed in 4% (vol/vol) paraformaldehyde. Prior to
immunostaining, tissues were permeabilized with 0.3% (vol/vol) Triton X-100 (EMD Millipore)
and blocked with 3% Normal Goat Serum (NGS, Abcam, Cambridge, UK) for 30 min. Tissues were
incubated with alpha-actinin (1:2000, Abcam), Beta-lll Tubulin (1:2000, Abcam), conjugated
alpha bungarotoxin (1:1000 EMD Millipore), and glial fibrillary acidic protein (1:20000, Abcam)
antibodies for 48 h at 4° C and washed with PBS. Biobots were incubated with Alexa Fluor 488
goat anti-mouse IgG, Alexa Fluor 568 goat anti-chicken IgG, and Alexa Fluor 647 goat anti-rabbit
IgG secondary antibodies (1:1000, Invitrogen, Walktam, MA) in PBS for 2 h at room temperature
in the dark.

4.2.8 Spinal Cord Electrophysiology

For each biobot, a single neonatal spinal cord was extracted as described above. The
isolated spinal cord was submerged in physiological saline (composition in mM: NaCl, 129; KCl, 4;
CaCly, 2.5; MgCly, 1.14; NaH2P0Qg4, 0.5; NaHCOs, 25, glucose, 10, adjusted to pH = 7.4 with HCI)
that had been superfused with oxygen (95% 0,/5% CO,) before recording. The bath temperature
was kept constant at 24° C. Locomotor-like activity was induced by bath applying glutamate (10
mM stock, frozen, and stored at -20° C). Neurons in the ventral horns were recorded with inspect

pin electrodes connected to a differential A/C amplifier (Model1700, A-M Systems, Sequim, WA)
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and a data acquisition system (PowerLab 8/30, ADInstruments, Dunedin, New Zealand). Records

were digitized and recorded in LabChart 7.3 (ADInstruments) at a sampling rate of 20kHz.
4.2.9 Statistical analysis

Statistical differences were determined by ANOVA followed by the Tukey’s post-hoc test
for the magnitude and number of contractions, the Mann-Whitney U test for the frequency of
contraction, and Hartley’s Fmax for analyzing the variance of frequency, all with significance
indicated by p < 0.05. Sample size is indicated within corresponding figure legends. All data are

presented as a mean * standard error. Each study was repeated three times.
4.3 Results

4.3.1 Fabrication of spinobot skeleton and seeding of C2C12 and spinal cord components to

form a spinobot

First, we 3D-printed a poly (ethylene glycol) diacrylate (PEGDA) hydrogel skeleton
composed of two pillars connected by a flexible beam (Fig. 4.1a,b). The pillars serve as
attachment points much like tendons within the musculoskeletal system. A gel composed of
myoblasts and extracellular matrix (ECM) proteins (Matrigel, thrombin, and fibrinogen) is seeded
around the pillars to form a solid muscle strip (Fig. 4.1a,b). As the myocell-ECM gel solidifies and
the muscle cells differentiate, they cause the pillars to be pulled closer together due to passive
tension (Fig 1a,b). An L1-L2 spinal cord segment was placed along the longitudinal axis of the
muscle strip when the muscle reached 10 DIV and cultured for an additional 7 DIV together (Fig.
4.1a,b). When cultured on glass, C2C12 myotubes roughly align with each other and express

acetylcholine receptors (AChRs) distributed along their total length (Fig. 4.1c).

4.3.2 3-dimensional co-culture of spinal cord and engineered muscle tissue form structural

motor units

High resolution, high magnification scanning electron microscopy (SEM) images of the
spinobot revealed that neurites extended from the spinal cord and probed the muscle tissue (Fig.
4.2a, left panel). The neurites were not only investigating the surface of the tissue but were also

found to seek deeper muscle fibers (Fig. 4.2a, middle and right panels). AChRs were found to be
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clustered at specific locations along the myotubes, and these locations overlapped with the
presence of cholinergic neurons (Fig. 4.2b, middle panel). In areas where no ChAT-positive cells
were found, there was also a notable lack of receptors (Fig. 4.2b, left panel). This suggests the
possibility of bi-directional neuron-muscle communication in vitro that mimics what happens in
vivo (Fitzsimonds and Poo, 1998). Furthermore, the structure of the AChR clusters revealed the
usual pretzel-like shape of an NMJ (Fig. 4.2b, right panel) (Takahashi et al, 1987). The degree of
complexity noted at this motor end plate matches previous literature for a motor end plate
approximately 7 days after first contact between neuron and muscle in vivo. The close apposition
of neuron and muscle fibers, the co-localization of cholinergic neurons with their receptors on
the muscle, and the presence of pretzel-shaped AChR clusters suggests the presence of

neuromuscular junctions within the 3D multicellular system.

4.3.3 Muscle contractions are driven by spinal cord stimulation and can be blocked by inhibiting

excitatory neuronal firing

The functionality of the spinal cord-muscle system was tested at baseline, stimulated, and
inhibited conditions (Fig. 4.3a, Movies M1-M3) and recorded by video. Initially, the spinobot was
placed in co-culture medium (CCM) and provided no additional modulatory cues during the
baseline recording, where we observed spontaneous muscle contractions that generated 10-40
UN of active tension across the beam (Fig. 4.3b). The addition of 300 uM glutamate to the solution
caused a distinct change in the pattern of muscle contraction, with glutamate-induced
contractions occurring with more consistent magnitudes and in a more patterned manner (Fig.
4.3c). The addition of glutamate receptor antagonists (20 uM DNQX to block AMPA receptors
and 50 uM APV to block NMDA receptors (Traynelis et al, 2010) resulted in a near complete
cessation of muscle contraction, even with additional glutamate application (Fig. 4.3d). The
observation that the twitching did not completely cease under glutamate inhibition is expected
as muscles have some degree of spontaneous contraction both in vivo and in vitro (Xie and Poo,
1986; Dennis et al, 2001). DNQX/APV application caused inhibition beyond baseline levels,
indicating that the spinal cord was driving the majority of the observed spontaneous

contractions.
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4.3.4 Neuromodulatory effects of glutamate and glutamate antagonists on neuron-muscle co-

culture.

To analyze the videos of muscle contraction, a region of interest (ROI) around one of the
hydrogel pillars was isolated (Fig. 4.3a) and its displacement plotted over time (Fig. 4.3b-d). The
overall number of contractions in a given time period was not significantly different between the
baseline (BL; 52 * 12) and glutamate (GLUT; 70 + 4) conditions (Fig. 4.4a). However, DNQX/APV
application resulted in 78-fold and 105-fold reductions in the number of contractions at baseline
or with glutamate, respectively. Upon wash out of glutamate and glutamate antagonists, another
post-washout baseline was recorded. Significantly more contractions were observed (WASH; 74
+ 30) than at inhibition (INHIB; 1.3 £ 1.8) but without any significant change from baseline (Fig.
4.4a). Pillar displacements from within the ROl were translated into force using Hooke’s Law.
Contraction force was also not different between baseline (26 + 2 uN) and glutamate (26 £ 2 pN)
conditions (Fig. 4.4b). The post-washout contraction magnitudes were slightly larger (30 + 2 uN)

than those that occurred during the original baseline and glutamate conditions (Fig. 4.4b).

Though application of glutamate did not result in a change in number or magnitude of
contractions, it did significantly alter the frequency and the variance of that frequency. The
contractile frequency was measured as the inverse of the peak-to-peak inter-contraction interval.
The frequency of contraction decreased by 20%, from 2.11 Hz at baseline to 1.59 Hz with
glutamate application (Fig. 4.4a), both of which are within the known range of contractile
frequencies observed in vivo (0.5 — 2 Hz) (Person and Kudina, 1972). This decrease in frequency
occurred without a concomitant increase in contractile magnitude (Fig. 4.4b) or a change in the
number of contractions (Fig. 4.4a). The primary driver of this difference in contractile frequency
was a change in the patterning of neural stimulation. The variance of glutamate-stimulated
contractions was decreased to only 10.67% of the baseline variance, indicating that spinal cord
neurons produced a rhythmic firing pattern that generated the patterned muscle contractions.
Electrophysiological recordings confirm that cultured spinal cord segments can produce rhythmic
firing patterns out to 16 DIV (Fig. 2.6,7). This rhythmicity indicates that there is a glutamate-

sensitive pattern generating circuit within the spinal cord segment.
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4.4 Discussion

Our study demonstrates the engineering of a first fully functional 3D neuromuscular
junction using a physiologically intact spinal cord CPG to drive patterned muscle contraction. The
co-culturing of an intact spinal cord CPG with a 3D muscle tissue resulted in a skeletomuscular
system under neuronal control that not only responds to glutamate signaling, but is also capable
of patterned muscle contractions, a key component for any locomotor task. The sustained,
patterned muscle contractions observed in response to tonic glutamate stimulation of the spinal
cord demonstrate that the L1-L2 segment isolated forms functional NMJs with the muscle and
that the internal spinal cord circuitry of the CPG remains electrically active throughout the co-
culture. This enables a future design space involving the coordination of multiple muscles into
flexor-extensor pairings, turning capabilities, or the ability to incorporate the sensory dorsal root

ganglion as inputs for the spinobot.

When cultured, spinal cords project a complex arbor of motor neurons and glia which co-
localize with nicotinic AChRs when paired with engineered muscle tissue. The neurotransmitter
glutamate mimics excitation from upper motor neurons of the brainstem which control and
coordinate lower motor neuron firing. The engineered spinal cord-skeletal muscle construct
contracts in response to glutamatergic neuronal stimulation, which is nearly completely
suppressed by the addition of glutamate receptor antagonists DNQX and APV. This confirms that
the observed baseline contractions were driven by spontaneous spinal cord activity and that the
spinobot itself exhibits a low level of spontaneous muscle twitching. The lack of spontaneous
muscle twitching under glutamatergic inhibition is another hallmark of muscle innervation. Non-
innervated muscle monocultures will twitch frequently and spontaneously, while innervated
muscle demonstrates very few muscle-initiated spontaneous contractions (Lewis, 1915). Finally,
we show that muscle contractions exhibit more rhythmic patterning when spinal neurons are

chemically excited than at baseline.

During normal embryonic development, motor neurons reach the muscle just as the
myoblasts are fusing into multinucleated muscle cells and early myotubes, a timeline we

approximated experimentally. In our experiments, the spinal cord was introduced to the
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engineered muscle tissue 10 days post-seeding (7 days after the muscle was switched to
differentiation medium) after the muscle had finished compacting and the muscle fibers had
begun to fuse. The developing NMJ forms as a result of bi-directional signaling between motor
neurons and skeletal muscle fibers (Dai and Peng, 1996; Fitzsimonds and Poo, 1998). Within
minutes of initial contact, presynaptic motor neurons begin firing and release ACh into the
synaptic cleft (Gan and Lichtman, 1998; Xie and Poo, 1986; Chow and Poo, 1985). This causes the
postsynaptic muscle to begin producing retrograde signaling molecules, e.g. neuregulin, as well
as synthesizing and reorganizing AChRs into pretzel-like clusters (Meier et al, 1998; Jones et al,
1996; Gan and Lichtman, 1998; Kelly and Zacks, 1969; Takahashi et al, 1987). Over about a week,
synaptic vesicle production increases, cytoskeletal reorganization occurs on both sides of the
synapse, and AChR clustering begins, along with many other changes (Lupa and Hall, 1989;
Dhawan et al, 2007; Hood, 2001; Kelly and Zacks, 1969). Our results confirm the structural
development of motor end plates in our 3D neuromuscular system closely matches the in vivo
developmental program, which we hypothesize would not be possible without both retro- and

anterograde signaling (McComas et al, 1984).

A C2C12-derived skeletal muscle bioactuator approximates mammalian muscle
contraction by mimicking the articulation of bones across flexible joints (Cvetkovic et al, 2014).
To induce a locomotion-driving contraction of the muscle strip, the biobot was positioned inside
of an electric field and subjected to pulsed stimulations, which resulted in large-scale
contractions. Pulsed 1 Hz stimulation generated contractions with forces between ~75 - 200 uN.
A second iteration of this biobot used C2C12-derived cells that were genetically modified to
express Channel rhodopsin (ChR2) (Raman et a., 2016). These optogenetic muscle bioactuators
produced significantly smaller contractile forces, between 25 - 45 uN in response to 1 Hz
stimulation. The authors posit that one reason for the reduced force may be that the penetration
depth of the 470-nm light was only ~600 pm, about half of the maximum thickness of the muscle
strip (~1200 um). This rendered the optical stimulus unable to excite the entire muscle strip
simultaneously. More recently, a novel “figure eight”-style design of a bioactuator powered by a
C2C12-derived muscle was able to generate forces up to 1.1 mN via electric-field stimulation
(Pagan-Diaz et al, 2018).
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In situ, neuronally-innervated skeletal muscle contractions produce more force than the
spontaneous contractions of an isolated muscle (Dhawan et al, 2007). However, early attempts
at innervating C2C12-derived muscle strips with stem cell-derived motor neurons have not
achieved this force. Previous research utilized mouse embryonic stem cell (mESC)-derived
embryoid bodies (EBs) that undergo a motor neuron differentiation program to innervate 3D
C2C12-derived muscle tissues. One method is to implant the EBs directly onto the muscle strip
as it compacts, permitting them to co-differentiate. When stimulated with 200 uM or 400 uM
glutamate, which excites the motor neurons, small muscle contractions of ~6 uN and ~10 pN,
respectively, were observed (Cvetkovic et al, 2017). Muscle contractions also have been
measured in a microfluidic device that enables 3D co-culture of C2C12-derived muscle and
optogenetic mESC-derived embryoid bodies (Uzel et al, 2016). When mESC-derived embryoid
bodies were optically stimulated, the downstream muscle exhibited maximal contractile forces
of ~0.5 uN. By co-culturing motor neurons derived from human induced pluripotent stem cells
with C2C12 myoblasts, stimulating the neurons with 0.1 mM glutamate generated contractile
forces in the differentiated muscle tissue of ~1 uN (Osaki et al, 2018). Here we demonstrate spinal
cord-driven contractions with a maximum force of ~41 pN, with the mean contractile force of
~25 uN. This notably larger force is likely due to the robust innervation of the muscle by the

profusion of outgrowths from the spinal cord (Fig. 4.1).”

All derived muscle tissues contract less than native fetal muscle in rat which can exhibit
forces up to 16 N (Schmoll et al, 2017). Previous data has shown that C2C12 skeletal muscle
contracts less than primary skeletal muscle in vitro (Dennis et al, 2001) which likely accounts for
some of the difference between engineered and native muscle. However, it has also been
demonstrated that innervated skeletal muscle contracts with more force than muscle alone
(Dhawan et al, 2007). We hypothesize that the large discrepancy between neurally-mediated
contractions and direct stimulation of the muscle via electric fields or optogenetics is also due to
the number of muscle fibers being recruited by the stimulation (Zajac and Faden, 1985). In the
neural stimulation paradigms, the innervation does not reach as many fibers as when the whole
tissue is stimulated simultaneously by an electric field. However, we note that the spinal neurons

produce stronger contractions than their stem cell-derived counterparts. This is likely due to
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increased motor neuronal innervation of the muscle tissue. Another explanation is that
neuromuscular junction development occurs over approximately 3 weeks in vivo while the
platforms described here and elsewhere generally provide only 7-10 days of co-culture. As the
NMJs approach full maturity, it is expected that the amount of spontaneous neural firing will
decrease, more myotubes will become singly innervated and stimulated muscle contractions will

generate more force (Lupa and Hall, 1989; Takahashi et al, 1987; Xie and Poo, 1986).

A 3D spinal cord-skeletal muscle platform with functional and controllable neuromuscular
junctions could serve a variety of uses across disciplines. It would be an excellent tool for studying
the pathology of neuromuscular diseases and as a platform for studying the efficacy and modes
of action of novel drugs for treatment. We could also visualize this spinobot as a model for ALS,
spinal muscular atrophy, Duchenne’s muscular dystrophy, and peripheral neuropathies such as
those secondary to diabetes mellitus. Some researchers have already begun adapting in vitro
NMJ platforms for the study of these diseases (Osaki et al, 2018). The modularity of the ‘spinobot’
demonstrated here, innervation from a living spinal cord, and the use of an easily transfectable
cell line are unique strengths of this platform. Early biohybrid robots and actuators are also
expected to one day appear in surgical training tools, the study and repair of biological systems
in dangerous environments, and at the interface for human-computer devices (Rossiter et al,
2009; Albalaihid et al, 2017; Park et al, 2014). Other variations on 3D microphysiological systems
have been developed with microfluidic chambers, neural stem cells, and/or photolithography
control. However, these platforms all lack the ability to generate the patterned contractions we
produce by stimulating the spinal cord CPG. Notably, the contraction forces generated by spinal
cord-controlled C2C12 were greater than skeletal muscle under mouse ESC control. The use of
the spinal cord also enables a future design space involving the coordination of multiple muscles
from a single neuronal source or the ability to incorporate the sensory dorsal root ganglion as

inputs for the spinobot allowing it to respond to environmental cues.
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4.5 Figures
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Figure 4.1. Methodology of spinal cord-skeletal muscle biohybrid machine development. (a)
From left to right: A stereolithography apparatus (SLA) was used to polymerize hydrogel
structures in an additive process. Made a cell-ECM mixture of C2C12 myoblasts, thrombin,
fibrinogen, and Matrigel and seeded it onto the 3D-printed skeleton. Over 10 DIV, myotubes
compact the ECM and begin to differentiate. At 10 DIV, a segment of lumbar spinal cord is seeded
onto the spinal cord and co-cultured for an additional 7 days. (b) Lateral step-by-step view of the
multicellular spinobot construction. Left: A hydrogel skeleton is 3D printed using a
stereolithography apparatus (SLA). Middle: Muscle attached to the hydrogel skeleton causes
bending by generating passive tension. Right: Co-culture of spinal cord (SC) and muscle strip over
beam of hydrogel skeleton. (c) 2D culture of C2C12 myoblasts form aligned myotubes over 10
days on untreated glass. Alpha-actinin marks the skeletal muscle (magenta) and nicotinic AChR
clusters (alpha-bungarotoxin, green) can be visualized along the whole length.
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Figure 4.2. Structural evidence of abutting cholinergic neurons and postsynaptic acetylcholine
receptors. (@) SEM images of inferior side of spinobot at increasing magnification from left to
right: Scale bars are 200 um, 25 um, and 20 um, respectively. Myotubes appear aligned and
neuronal processes lie in close apposition to muscle fibers. Neuronal processes probe beyond the
surface layer of myotubes into deeper muscle tissue where indicated by the arrows. (b)
Photomicrographs of immunohistochemically stained spinobot at increasing magnification from
left to right: Scale bars are 500 um, 250 um, and 10 um respectively. Left: Muscle fibers (a-actinin,
magenta) align along the longitudinal axis of the spinobot. AChR clusters (a-bungarotoxin, green)
are present, but largely clustered around the cholinergic neurons (ChAT, cyan). Middle:
Acetylcholine receptors and ChAT-positive neurons are found localized close together, as
indicated by arrows. Right: Development of typical pretzel-like motor end plate structures on the
postsynaptic muscle indicates the formation of structural neuromuscular junctions.
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Figure 4.3. Spontaneous contractions of the spinobot can be controlled by neurochemical
modulation. (a) Lateral image of a spinobot. Red outline shows the muscle, white outline
indicates the spinal cord placement, and dashed blue box indicates region of interest for video
capture of pillar displacement. Scale bar is 1 mm. (b)-(d) Representative traces of contraction
force under baseline (b), stimulation (c), and inhibition (d) conditions. As shown in (b), muscle
contracts spontaneously with variable frequency and magnitude at baseline. When glutamate is
added to the media (c), contractions become more consistent in strength and frequency. (d) After
washing out the glutamate-treated media, the addition of inhibitors plus additional glutamate
results in a drastic reduction in both the number and frequency of contractions.
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Figure 4.4. Glutamate signaling within the spinal cord mediates patterned muscle contraction.
(a) The overall number of muscle contractions did not increase when glutamate was added,
however inhibition of glutamatergic signaling reduced the number of contractions to nearly zero.
Contractile behavior was recovered by washing out the inhibitors. (b) Glutamate application did
not significantly change the force of muscle contraction from baseline. Due to the very low
number of contractions under inhibition, the force of those contractions is not significantly
reduced. The contraction force was fully recovered by washing out the inhibitors. One-way
ANOVA, Dunnett’s test. (c) Spontaneous spinal cord firing at baseline caused the muscle to
contract at 2 Hz, and the addition of glutamate reduced the contractile frequency to 1.5 Hz.
Mann-Whitney Test, *p < 0.05 (n = 3). (d) Glutamate-initiated contraction demonstrated
significantly less variable frequencies of contraction, indicating a consistent, patterned output
from the spinal cord. Hartley’s Fmax test, (n = 3 for all conditions). *p < 0.05. Graphs (a)-(c) are

mean + SEM.
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Movie M1. Movie of spontaneous spinobot contractions in basal media over 60 seconds, shown
at 3X speed.
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Movie M2. Movie of spinobot contractions in response to glutamate over 60 seconds, shown at
3X speed.
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Movie M3. Movie of spinobot contractions after washing out the media + glutamate, the
addition of media + inhibitors + glutamate, shown at 3X speed.
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CHAPTER 5: GENERAL DISCUSSION AND FUTURE DIRECTIONS

5.1 General Discussion

Biological robotics is a growing field which derives inspiration from biological systems for
real world applications. More traditional, rigid robotics have historically struggled to interact with
biological tissue, undergo self-repair, and are rarely biodegradable (Cvetkovic et al, 2018). Biology
has already solved many of these problems faced by rigid robots. By abstracting and
recapitulating similar solutions, we will be able to replicate increasingly natural, complex
biological robots through the application of novel engineering approaches (Majidi, 2013).
Researchers are already using biological materials, including DNA, motor proteins, myosin-actin
complexes, bacteria, algae, single cells or clusters, and natural or engineered tissues, to develop
bioactuators (Chan et al, 2014; Feinberg, 2015). These actuators are often small and can emulate
locomotive behaviors, such as climbing (Unver et al, 2006), crawling, walking, jumping, or
swimming (Umedachi et al, 2016; Cvetkovic et al, 2014; Kovac, 2013; Bartlett et al, 2015; Feinberg
et al, 2007; Wen et al, 2013; Low, 2007; Herr and Dennis, 2004; Nawroth et al, 2012). They can
also mimic other functions such as the peristaltic pumping action of the intestines (Li et al, 2019).
Small biological robots at the millimeter scale also offer several advantages over larger robots.
Their small size allows them to be used in environments where large robots would be impractical
or impossible, such as inside the body, and their small size also allows for more uniform transport

of nutrients throughout the tissue.

Both living and nonliving bioactuators must be designed such that the form matches the
intended function (Uzel et al, 2014; Feinberg, 2015; Kim et al, 2014). Most tissues and organs are
not composed of a monolith of identical cells and cell types; many different cell types perform
important roles in the maintenance of the local environment, tissue function, and homeostatic
equilibrium of the overall organism. The production of a multicellular tissue can allow for a
collective output that is greater than the sum of its parts. Moreover, complexity and functionality
both increase when progressing from single cells to multicellular tissues and systems (Carlsen
and Sitti, 2014; Kamm and Bashir, 2013). This is due not only to the increased complexity of cell-

cell interactions, but these engineered systems are also more likely to be 3D than classical 2D cell
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culture techniques. When cultured in 3D rather than 2D, the specific behaviors of cancer cells,
muscle fibers, and hepatocytes have all been more closely aligned with the reality of in-vivo
systems (Choi et al, 2010; Mudera et al, 2010; Gieseck lll et al, 2014). The best way to engineer a
multicellular engineered system capable of rhythmic, coordinated, and/or patterned behaviors
is to combine our knowledge of these behaviors in evolved biological systems with the cutting

edge of fabrication and cell culture techniques available to researchers today.

In vertebrates, locomotion is primarily controlled by spinal cord and brainstem networks.
While these networks are heavily modulated by the brainstem, most of the pattern and rhythm
generation involved with locomotion are housed within the spinal cord. Quadrupedal locomotion
requires the coordination of flexor-extensor muscle pairing simultaneously within a limb, and
between ipsi- and contralateral pairs of limbs. This is performed by spinal circuits known as
central pattern generators (CPGs). The best way to study intact circuits in vitro is through
organotypic culture (Prosser and Gillette, 1989), yet there are no prior studies that have assessed
the cellular makeup or electrical activity of organotypic 2.5-D cultures of intact spinal cords. In
order to use a spinal cord as an on-board computer for controlling muscular contraction in a
biological robot, we first needed to demonstrate how a spinal cord behaved under organotypic
culture conditions for several weeks. Immunohistochemistry of cleared whole spinal cords and
of lumbar cross-sections revealed the presence of interneurons, motor neurons, astrocytes, and
Schwann cells which are known to exist as part of a CPG and its motor outputs. When cultured
on Matrigel-coated glass, spinal cords produce a complex arbor of motor neurons and astrocytes
that extends over a 1 mm away from the spinal cord. These outgrowths do not exhibit electrical

activity immediately, but electrical activity is detectable as the processes mature by 7 DIV.

These processes contain not only structural and cell type-specific proteins indicating a
dominant population of motor neurons, but are also highly electrically active. Acute lumbar spinal
cord recordings with pin electrodes demonstrate both spontaneous and stimulated activity in
response to glutamate. Additional recordings from lumbar spinal cords cultured for one week
demonstrate infrequent spontaneous activity and a slightly reduced sensitivity to glutamate
stimulation compared to acute conditions. Recordings from lumbar spinal cords cultured for two

weeks exhibit very little spontaneous activity and respond to a higher dose of glutamate. By 14
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DIV, spinal cords do not exhibit spontaneous firing at baseline or respond to a low dose of
glutamate. However, a high dose of glutamate initiates robust electrical activity with a clear
bursting pattern indicative of a pattern generating circuit. This time-dependent decrease in
spontaneous activity is consistent with previous work on dissociated hippocampal cultures which
have demonstrated reduced levels of spontaneous activity as well as reduced sensitivity to
stimulation when cultured for up to 5 weeks (Odawara et al, 2014; Fig. 2.7). However, previous
work with organotypic CNS cultures has shown minimal differences between in-situ
electrophysiology and the organotypic brain-slice cultures (Muller et al, 1993; Uesaka et al, 2005;
Rohrbacher et al, 2000; Gillette and Tischkau, 1999). It has also been reported that neuronal
activity is heavily modulated by the presence of other cells (e.g., skeletal muscle), and we
hypothesize that passive spinal cord activity would be modulated by being co-cultured with
muscle (Odawara et al, 2014; Balice-Gordon and Lichtman, 1993; Rosenthal and Taraskevich,
1977; Bennett and Pettigrew, 1976). Future studies can investigate the effect of muscle-
conditioned medi on spinal cord rhythms and more direct comparisons to age-matched in-vivo
tissues. Overall, these data are the first to demonstrate that spinal cords extend a complex,
multicellular arbor of motor neurons and glia and that they retain the ability to generate robust
electrical potentials for up to two weeks in vitro. This indicates that spinal cord locomotor circuits
can be extracted and harnessed to build a multicellular, muscular bioactuator controlled by a

locomotor CPG.

The co-culturing of an intact spinal cord CPG with a 3D muscle tissue resulted in a
skeletomuscular system under neuronal control that not only responds to glutamate signaling,
but is also capable of patterned muscle contractions, a key component of many forms of
locomotion. In our experiments, the spinal cord was introduced to the engineered muscle tissue
10 days post-seeding (7 days after the muscle was switched to differentiation medium) after the
muscle had finished compacting and the muscle fibers had begun to fuse. As shown in Figure 2.5
the spinal cord is still spontaneously active and responsive to glutamate stimulation at this stage.
It has been shown that the developing NMJ forms as a result of bi-directional signaling between
motor neurons and skeletal muscle fibers (Dai and Peng, 1996; Fitzsimonds and Poo, 1998).

Within minutes of initial contact, presynaptic motor neurons begin firing and release ACh into
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the synaptic cleft (Gan and Lichtman, 1998; Xie and Poo, 1986; Chow and Poo, 1985). This causes
the postsynaptic muscle to begin producing retrograde signaling molecules and synthesizing and
reorganizing AChRs into pretzel-like clusters (Meier et al, 1998; Jones et al, 1996; Gan and
Lichtman, 1998; Kelly and Zacks, 1969; Takahashi et al, 1987). Over about a week, synaptic vesicle
production increases, cytoskeletal reorganization occurs on both sides of the synapse, and AChR
clustering begins, along with many other changes (Lupa and Hall, 1989; Dhawan et al, 2007,
Hood, 2001; Kelly and Zacks, 1969). We observe a formation of the iconic, pretzel-like shape of
the motor endplate at 7 DIV (Figure 4.2) as well as a close apposition of motor neurons and
muscle-bound acetylcholine receptor (AChR) clusters (Figure 4.2). Our results confirm the
structural development of motor end plates in our 3D neuromuscular system closely matches the

developmental program in vivo (Figure 1.5; Figure 2.4; McComas et al, 1984).

Our studies also demonstrate the functionality of these NMJs on the spinobot platform.
Sustained, patterned muscle contractions are observed in response to tonic glutamate
stimulation of the spinal cord, demonstrating that the L1-L2 segment forms functional NMJs with
the muscle and that neurons within the spinal cord maintain the ability for neurotransmitter-
based control. When supplied with a bolus of glutamate, the muscle contractions are more
rhythmic and patterned than the spontaneous, baseline contractions. When glutamate signaling
is inhibited through the application of an NMDA/APV cocktail, there is a complete cessation of
muscle twitching. This is consistent with our findings in both 2D and 3D skeletal muscle cultures
and fundamental muscle research which discovered that non-innervated muscle monocultures
will twitch frequently and spontaneously, while innervated muscle demonstrates very few
muscle-initiated spontaneous contractions (Figure 3.1; Lewis, 1915). Our study demonstrates the
engineering of a first fully functional 3D neuromuscular junction using a physiologically intact

spinal cord CPG to drive patterned muscle contraction.

However, we observed contractile forces far below what is observed in native fetal rat
tissues. Fetal muscle in rat can exhibit forces up to 16 N, which is greater than what has been
reported in all derived muscle tissues (Schmoll et al, 2017; Osaki et al, 2018; Maffioletti et al,
2018; Bakooshli et al, 2019; Cvektovic et al, 2014). During normal embryonic development, motor

neurons reach the muscle just as the myoblasts are fusing into multinucleated muscle cells and
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early myotubes. We approximated this timeline experimentally by quantifying the rate and
distance that spinal cord outgrowths propagate in vitro (Figure 2.2) and introducing the spinal
cord to the skeletal muscle construct at the same time the muscle cells began differentiating.
However, the spinal cord is taken from a neo-natal animal rather than an embryonic one when
those contacts are made in situ. Therefore, future experiments that introduce the two tissue at
different time points may enhance the maturation rate and success of the co-culture system.
Another likely hypothesis for the difference in force production between engineered and native
muscle tissues is that that C2C12 cells lack the sarcomeric structure of primary muscle (Langelaan
et al, 2010; Fig. 3.1c,f). We investigated some differences between C2C12-derived muscle and
primary skeletal muscle from the rat hindlimb (gastrocnemius and soleus) and found that primary
cultures have larger myotube diameters, the average AChR cluster has a greater surface area,
and spontaneous contractions in primary muscle are more consistent than their C2C12-derived
counterparts. Western blots revealed that though the extracted primary tissue was a mix of Type
I and Type Il fibers, this identity was not retained by the dissociated satellite cells when cultured
on Matrigel-coated glass in 2D. It has also been demonstrated that innervated skeletal muscle
contracts with more force than muscle alone (Dhawan et al, 2007). When cultured in spinal cord-
conditioned media, we found that primary skeletal muscle cells regained a mixed Type |/Type I
fiber type identity. This is consistent with previous literature which has determined that motor
neurons release factors such as agrin, which plays an integral role in forming the post-synaptic
structures of the NMJ as well as muscular maturation (Frank and Fischbach, 1979; Bezakova and
Ruegg, 2003; Sarrazin et al, 2011; Ebrahimi et al, 2018; Tissue Engineering and Regenerative
Medicine). Future work could begin to test the hypothesis about the presence and concentration
of agrin. Further characterization of the factors present in the spinal cord conditioned media
would shed light on the exact process that drives this re-determination of myosin heavy chain
isotyping. Cell source, 2D culture, and neuronal releasates are all important factors that influence

skeletal muscle development in vitro.

However, we note that the spinal neurons produce stronger contractions than their stem
cell-derived counterparts. This is likely due to increased motor neuronal innervation of the

muscle tissue. Spinal cords contain orders of magnitude more cells than most neuronal stem cell
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models and appear to produce larger neuronal arbors. Another explanation is that
neuromuscular junction development occurs over approximately 3 weeks in vivo while the
platforms described here and elsewhere generally provide only 7-10 days of co-culture. As the
NMJs approach full maturity, it is expected that the amount of spontaneous neural firing will
decrease, more myotubes will become singly innervated and stimulated muscle contractions will

generate more force (Lupa and Hall, 1989; Takahashi et al, 1987; Xie and Poo, 1986).
5.2 Future Directions

The next step for this work would combine our data about organotypic spinal cord
electrophysiology, 3D engineered muscle tissues with primary skeletal muscle, and controllable
muscle contractions through spinal cord signaling and begin progressing towards multi-limbed
locomotive behaviors. In Figure 3.2 we demonstrated the development of a novel platform for
forming multiple, 3D muscle strips with primary skeletal muscle. Through an iterative
optimization process, we learned that allowing the muscle cells to proliferate before seeding
them on rounded pillars and being treated with a protease inhibitor greatly increased the yield
of intact muscle strips (Figure 3.2). These muscle cells exhibited spontaneous contractions and
were capable of matching electric stimulus frequencies at 1, 2, and 4 Hz with a variable force of
contraction. Seeding a spinal cord in the middle of this array would cause the spinal cord
outgrowths to extend laterally and innervate each of up to four individual muscle strips, forming

a ‘PNS-on-a-chip.’

By stimulating the pattern generating circuitry within the rat spinal cord, we hypothesize
that it will drive simultaneous, coordinated, antiphase contractions of multiple engineered 3-D
skeletal muscle tissues. This platform has several advantages over other existing devices. By
switching to primary skeletal muscle and allowing the NMlJs to reach a later stage of maturity, we
hypothesize that the contractions will be greater than we showed before, though they will not
reach the level of the autotypic muscle tissue or of in-situ muscles. The muscle strips are also only
1 mm in length and contain orders of magnitude fewer cells than the muscle strip demonstrated
in Chapter 4. By providing the same number of motor neuron outgrowths and drastically fewer

muscle fibers to innervate, we hypothesize that the innervation ratio of each muscle strip would
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be significantly higher than has been previously achieved. No researchers to this point have
engineered muscle tissues that contract as much as native fetal muscle in rats (~1000 um; Dennis
and Kosnik, 2000). We believe our results are more likely to follow that trend than previously
established paradigms by using a more robust cell source, attaining a higher innervation ratio,
and enhancing the degree of NMJ maturity. The multiple muscle array demonstrated here allows
researchers to not only study gross muscle properties such as alignment, force generation, and
neuronal innervation, but also to investigate deeper histological and functional questions in 3D.
This would enable future experiments involving either contralateral (left-right pairing) or
ipsilateral (flexor-extensor) coordination of multiple muscles. Additionally, by using an open-
faced, modular platform, scientists can replace the healthy muscle tissue with diseased or
dystrophic tissue and use conventional microscopy techniques to answer basic research
guestions or to test pharmacological interventions. More mature NMJs exhibit reduced amounts
of spontaneous neuromuscular firing (Takahashi et al, 1987). Demonstrating the functionality
and responsiveness of this in-vitro PNS will be an important step forward for the study of

neuromuscular development and biorobotics.

Exercise is a key factor in both embryonic and adult muscle growth. Skeletal muscle is a
highly dynamic, flexible tissue capable of remarkable changes to its behavior and morphology
based on environmental conditions. For example, the rat soleus muscle increases in weight by
40% within six days after the tendon of its synergistic muscle, the gastrocnemius, is severed with
no rehabilitation program beyond normal use (Goldberg et al, 1975). Previous work by Raman et
al. improved force production of optogenetically transfected C2C12 cells by forcing the
engineered, 3D tissues to undergo an “exercise regimen” of daily optical stimulation throughout
muscle differentiation (Raman et al, 2016). Exercise was shown to improve myotube formation,
leading to increased tension and locomotive speed. Providing electrical stimulation to the muscle
strips in our platform during differentiation should lead to increased muscle force and more rapid
maturation, in line with previous work. We hypothesize that these changes will also affect the

formation of NMJs and lead to stronger muscle contractions overall.

Neural stimulation is another important factor for NMJ maturation. The initial

polyneuronal innervation that occurs at immature NMJs is thought to be eliminated based on
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activity-dependent release of chemicals from both neurons and muscles. Inhibition of synaptic
release causes a drastic reduction in the rate of synaptic elimination while overstimulation
expedites the process (Thompson, 1985). Additionally, if a particular neuron is more active than
its neighbors, it is less likely to be eliminated (Balice-Gordon and Lichtman, 1994). Foundational
neuroscience principles, such as Hebbian plasticity at the neuron-neuron synapse, have also been
confirmed at the neuromuscular junction (Busetto et al, 2000). We hypothesize that stimulating
both the spinal cord and skeletal muscle components of our platform simultaneously will result
in the first engineered, in-vitro PNS that is capably able to mimic in vivo development and

behavior in a modular, easily imaged system.

A 3D spinal cord-skeletal muscle platform with functional and controllable neuromuscular
junctions could serve a variety of uses across disciplines. It would be an excellent tool for studying
the pathology of neuromuscular diseases and as a platform for studying the efficacy and modes
of action of novel drugs for treatment. We could also visualize this spinobot as a model for ALS,
spinal muscular atrophy, Duchenne’s muscular dystrophy, and peripheral neuropathies such as
those secondary to diabetes mellitus. Some researchers have already begun adapting in vitro
NMJ platforms for the study of these diseases (Osaki et al, 2018). The modularity of the ‘spinobot’
demonstrated here, innervation from a living spinal cord, and the use of an easily transfectable
cell line are unique strengths of this platform. Early biohybrid robots and actuators are also
expected to one day appear in surgical training tools, the study and repair of biological systems
in dangerous environments, and at the interface for human-computer devices (Rossiter et al,
2009; Albalaihid et al, 2017; Park et al, 2014). It is expected that custom-printed 3D soft robots
and actuator structures will start to appear in areas as diverse as medical implants, devices for
human-computer interaction, and even children’s toys (Rossiter et al, 2009). Other variations on
3D microphysiological systems have been developed with microfluidic chambers, neural stem

cells, and/or photolithography control, significantly extending design possibilities.

Humanoid robots could assist human beings in numerous ways, from military applications
and firefighting to entertainment, socially assistive devices, medical studies, and education. Soft

actuators lay the groundwork for the development of these humanoid robots for cognitive
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studies or for training medical professionals. In addition, facially expressive robots are
demonstrating encouraging results as therapeutic tools for children with Autism Spectrum
Disorder (Tadesse et al, 2016). The use of the spinal cord also enables a future design space
involving the coordination of multiple muscles from a single neuronal source or the ability to
incorporate the sensory dorsal root ganglion as inputs for the spinobot allowing it to respond to

environmental cues. Soft robotics has almost unlimited potential to universally impact human

life.

143



5.3 References

1.

10.

11.

12.

13.

14.

15.

16.
17.

Cvetkovic, C., Ko, E., Kaufman, C., Grant, L., Gillette, M., Kong, H., & Bashir, R. (2018).
Rapid prototyping of soft bioactuators. 3D Bioprinting in Regenerative Engineering:
Principles and Applications.

Majidi C. Soft robotics: A perspective—current trends and prospects for the future. Soft
Robot 2013; 1: 5-11.

Chan V, Asada HH, Bashir R. Utilization and control of bioactuators across multiple length
scales. Lab Chip 2014; 14: 653-70.

Feinberg AW. Biological Soft Robotics. Annu Rev Biomed Eng 2015; 17: 243—65.

Unver, O., Uneri, A., Aydemir, A., & Sitti, M. (2006, May). Geckobot: a gecko inspired
climbing robot using elastomer adhesives. In Proceedings 2006 IEEE International
Conference on Robotics and Automation, 2006. ICRA 2006. (pp. 2329-2335). IEEE.
Umedachi T, Vikas V, Trimmer BA. Softworms: the design and control of non-pneumatic,
3D-printed, deformable robots. Bioinspir Biomim 2016; 11. doi:10.1088/1748-
3190/11/2/025001.

Cvetkovic, C., Raman, R., Chan, V., Williams, B. J., Tolish, M., Bajaj, P., ... & Bashir, R.
(2014). Three-dimensionally printed biological machines powered by skeletal muscle.
Proceedings of the National Academy of Sciences, 111(28), 10125-10130.

Bartlett, N. W., Tolley, M. T., Overvelde, J. T., Weaver, J. C., Mosadegh, B., Bertoldi, K., ...
& Wood, R. J. (2015). A 3D-printed, functionally graded soft robot powered by
combustion. Science, 349(6244), 161-165.

Feinberg, A. W., Feigel, A., Shevkoplyas, S. S., Sheehy, S., Whitesides, G. M., & Parker, K. K.
(2007). Muscular thin films for building actuators and powering devices. Science,
317(5843), 1366-1370.

Wen, L., Wang, T., Wu, G., & Liang, J. (2012). Quantitative thrust efficiency of a self-
propulsive robotic fish: Experimental method and hydrodynamic investigation. IEEE/ASME
Transactions on Mechatronics, 18(3), 1027-1038.

Low, K. H. (2007). Design, development and locomotion control of bio-fish robot with
undulating anal fins. International Journal of Robotics & Automation, 22(1), 88.

Herr, H., & Dennis, R. G. (2004). A swimming robot actuated by living muscle tissue.
Journal of neuroengineering and rehabilitation, 1(1), 6.

Nawroth, J. C,, Lee, H., Feinberg, A. W., Ripplinger, C. M., McCain, M. L., Grosberg, A., ... &
Parker, K. K. (2012). A tissue-engineered jellyfish with biomimetic propulsion. Nature
biotechnology, 30(8), 792.

Li, Z., Seo, Y., Aydin, O., Elhebeary, M., Kamm, R. D., Kong, H., & Saif, M. T. A. (2019).
Biohybrid valveless pump-bot powered by engineered skeletal muscle. Proceedings of the
National Academy of Sciences, 116(5), 1543-1548.

Uzel SGM, Pavesi A, Kamm RD. Microfabrication and microfluidics for muscle tissue
models. Prog Biophys Mol Biol 2014; 115: 279-293.

Feinberg AW. Biological Soft Robotics. Annu Rev Biomed Eng 2015; 17: 243—65.

Kim J, Kim HN, Lang Y, Pandit A. Biologically Inspired Micro- and Nanoengineering Systems
for Functional and Complex Tissues. Tissue Eng Part A 2014; 19: 1-4.

144



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Carlsen, R. W., & Sitti, M. (2014). Bio-hybrid cell-based actuators for microsystems. Small,
10(19), 3831-3851.

Kamm, R. D., & Bashir, R. (2014). Creating living cellular machines. Annals of biomedical
engineering, 42(2), 445-459.

Choi, S. W., Yeh, Y. C,, Zhang, Y., Sung, H. W., & Xia, Y. (2010). Uniform beads with
controllable pore sizes for biomedical applications. Small, 6(14), 1492-1498.

Mudera, V., Smith, A. S. T., Brady, M. A., & Lewis, M. P. (2010). The effect of cell density
on the maturation and contractile ability of muscle derived cells in a 3D tissue-engineered
skeletal muscle model and determination of the cellular and mechanical stimuli required
for the synthesis of a postural phenotype. Journal of cellular physiology, 225(3), 646-653.
Gieseck lll, R. L., Hannan, N. R,, Bort, R., Hanley, N. A, Drake, R. A., Cameron, G. W.,, ... &
Vallier, L. (2014). Maturation of induced pluripotent stem cell derived hepatocytes by 3D-
culture. PloS one, 9(1), e86372.

Prosser, R. A., & Gillette, M. U. (1989). The mammalian circadian clock in the
suprachiasmatic nuclei is reset in vitro by cAMP. Journal of Neuroscience, 9(3), 1073-1081.
Odawara, A., Saitoh, Y., Alhebshi, A. H., Gotoh, M., & Suzuki, |. (2014). Long-term
electrophysiological activity and pharmacological response of a human induced
pluripotent stem cell-derived neuron and astrocyte co-culture. Biochemical and
biophysical research communications, 443(4), 1176-1181.

Muller, D., Buchs, P. A., & Stoppini, L. (1993). Time course of synaptic development in
hippocampal organotypic cultures. Developmental Brain Research, 71(1), 93-100.
Uesaka, N., Hirai, S., Maruyama, T., Ruthazer, E. S., & Yamamoto, N. (2005). Activity
dependence of cortical axon branch formation: a morphological and electrophysiological
study using organotypic slice cultures. Journal of Neuroscience, 25(1), 1-9.

Rohrbacher, J., Ichinohe, N., & Kitai, S. T. (2000). Electrophysiological characteristics of
substantia nigra neurons in organotypic cultures: spontaneous and evoked activities.
Neuroscience, 97(4), 703-714.

Gillette, M. U., & Tischkau, S. A. (1999). Suprachiasmatic nucleus: the brain's circadian
clock. Recent progress in hormone research, 54(1), 33-58.

Balice-Gordon RJ, Lichtman JW. 1993. /n vivo observations of pre-and postsynaptic
changes during the transition from multiple to single innervation at developing
neuromuscular junctions. J. Neurosci. 13: 834-55

Rosenthal JL, Taraskevich PS. 1977. Reduction of multiaxonal innervation at the
neuromuscular junction of the rat during development. J. Physiol. 270: 299-310

Bennett MR, Pettigrew AG. 1976. The formation of neuromuscular synapses. Cold Spring
Harbor Symp. Quant. Biol. 40: 409-24

Dai Z, Peng HB. 1996. From neurite to nerve terminal: induction of presynaptic
differentiation by target-derived signals. Semin. Neurosci. 8:97-106

Fitzsimonds RM, Poo MM. 1998. Retrograde signaling in the development and
modification of synapses. Physiol. Rev. 78: 143-70

Gan W-B, Lichtman JW. 1998. Synaptic segregation at the developing neuromuscular
junction. Science.

145



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46

47.

48.

49.

Xie ZP, Poo MM. 1986. Initial events in the formation of neuromuscular synapse: rapid
induction of acetylcholine release from embryonic neuron. Proc. Natl. Acad. Sci. USA
83:7069-73

Chow I, Poo MM. 1985. Release of acetyl- choline from embryonic neurons upon con- tact
with muscle cell. J. Neurosci. 5:1076—-82

Meier T, Masciulli F, Moore C, Schoumacher F, Eppenberger U, et al. 1998. Agrin can
mediate acetylcholine receptor gene expression in muscle by aggregation of muscle-
derived neuregulins. J. Cell Biol. 141: 715-26

Jones G, Herczeg A, Ruegg MA, Lichsteiner M, Kroger S, Brenner HR. 1996. Substrate-
bound agrin induces expression of acetylcholine receptor e-subunit gene in cultured
mammalian muscle cells. Proc. Natl. Acad. Sci.

Kelly AM, Zacks SI. 1969. The fine structure of motor endplate morphogenesis. J. Cell Biol.
42:154-69

Takahashi T, Nakajimi Y, Hirosawa K, Nakajimi S, Onodera K. 1987. Structure and
physiology of developing neuromuscular synapses in culture. J. Neurosci. 7:473-81

Lupa MT, Hall ZW. 1989. Progressive restriction of synaptic vesicle protein to the nerve
terminal during development of the neuro- muscular junction. J. Neurosci. 9:3937-45
Dhawan, V., Lytle, I. F., Dow, D. E., Huang, Y. C., & Brown, D. L. (2007). Neurotization
improves contractile forces of tissue-engineered skeletal muscle. Tissue

engineering, 13(11), 2813-2821.

Hood, D. A. (2001). Invited Review: contractile activity-induced mitochondrial biogenesis
in skeletal muscle. Journal of applied physiology, 90(3), 1137-1157.

McComas, A. J., Kereshi, S., & Manzano, G. (1984). Multiple innervation of human muscle
fibers. Journal of the neurological sciences, 64(1), 55-64.

Lewis, M. R. (1915). Rhythmical contraction of the skeletal muscle tissue observed in
tissue cultures. American Journal of Physiology-Legacy Content, 38(1), 153-161.

. Schmoll, M., Unger, E., Sutherland, H., Haller, M., Bijak, M., Lanmdiller, H., & Jarvis, J. C.

(2017). In-situ measurements of tensile forces in the tibialis anterior tendon of the rat in
concentric, isometric, and resisted co-contractions. Physiological reports, 5(8), e13245.
Osaki, T., Sivathanu, V., & Kamm, R. D. (2018). Vascularized microfluidic organ-chips for
drug screening, disease models and tissue engineering. Current opinion in biotechnology,
52,116-123.

Maffioletti, S. M., Sarcar, S., Henderson, A. B., Mannhardt, |., Pinton, L., Moyle, L. A,,
Steele-Stallard, H., Cappelari, O., Wells, K. E., Ferrari, G., Mitchell, J. S., Tyzack, G.E.,
Kotiadis, V. N., Khedr, M., Ragazzi, M., Wang, W., Duchen, M.R., Patani, R., Zammit,. P. S.,
Wells, D. J., Eschenhagen,, T., Saverio Tedesco, F. (2018). Three-dimensional human iPSC-
derived artificial skeletal muscles model muscular dystrophies and enable multilineage
tissue engineering. Cell reports, 23(3), 899-908.

Bakooshli, M. A., Lippmann, E. S., Mulcahy, B., lyer, N., Nguyen, C. T., Tung, K., Stewart, B.
A., van den Dorpel, H., Fuehrmann, T., Shoichet, M., Bigot, A., Pegoraro, E., Ahn,, H.,
Ginsberg, H., Zhen, M., Scott Ashton, R., Gilbert, P. M. (2019). A 3D culture model of
innervated human skeletal muscle enables studies of the adult neuromuscular junction.
Elife, 8, e44530.

146



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Cvetkovic C, Rich MH, Raman R, Kong H, Bashir R. A 3D-printed platform for modular
neuromuscular motor units. Microsystems Nanoeng 2017; 3.
doi:10.1038/micronano.2017.15.

Langelaan, M. L., Boonen, K. J., Rosaria-Chak, K. Y., van der Schaft, D. W., Post, M. J., &
Baaijens, F. P. (2011). Advanced maturation by electrical stimulation: Differences in
response between C2C12 and primary muscle progenitor cells. Journal of tissue
engineering and regenerative medicine, 5(7), 529-539.

Frank E, Fischbach GD. 1979. Early events in neuromuscular junction formation in vitro:
induction of acetylcholine receptor clusters in the postsynaptic membrane and
morphology of newly formed synapses. J. Cell Biol. 83: 143-58

Bezakova G, Ruegg MA. 2003. New insights into the roles of agrin. Nat. Rev. Mol. Cell Biol.
4:295-308

Sarrazin S, Lamanna WC, Esko JD. 2011. Heparan sulfate proteoglycans. Cold Spring Harb
Perspect Biol. 3:

Ebrahimi, M., Ostrovidov, S., Salehi, S., Kim, S. B., Bae, H., & Khademhosseini, A. (2018).
Enhanced skeletal muscle formation on microfluidic spun gelatin methacryloyl (GelMA)
fibres using surface patterning and agrin treatment. Journal of tissue engineering and
regenerative medicine, 12(11), 2151-2163.

Dennis RG, Kosnik PE. Excitability and isometric contractile properties of mammalian
skeletal muscle constructs engineered in vitro. Vitr Cell Dev Biol - Anim 2000; 36: 327—-335.
Goldberger, M. E. (1977). Locomotor recovery after unilateral hindlimb deafferentation in
cats. Brain research, 123(1), 59-74.

Raman R, Cvetkovic C, Uzel SGM, Platt RJ, Sengupta P, Kamm RD. Optogenetic skeletal
muscle-powered adaptive biological machines. Proc Nat! Acad Sci 2016.
d0i:10.1073/pnas.1516139113.

Thompson WJ. 1985. Activity and synapse elimination at the neuromuscular junction. Cell.
Mol. Neurobiol. 5: 167-82

Balice-Gordon RJ, Lichtman JW. 1994. Long-term synapse loss induced by focal blockade
of postsynaptic receptors. Nature. 372: 519- 24

Busetto, G., Buffelli, M., Tognana, E., Bellico, F., & Cangiano, A. (2000). Hebbian
mechanisms revealed by electrical stimulation at developing rat neuromuscular junctions.
Journal of Neuroscience, 20(2), 685-695.

Osaki, T., Sivathanu, V., & Kamm, R. D. (2018). Vascularized microfluidic organ-chips for
drug screening, disease models and tissue engineering. Current opinion in biotechnology,
52,116-123.

Rossiter J, Walters P, Stoimenov B. Printing 3D dielectric elastomer actuators for soft
robotics. In: Bar-Cohen Y, Wallmersperger T (Eds.). Electroactive Polymer Actuators and
Devices (EAPAD) 2009. SPIE, 2009. do0i:10.1117/12.815746.

Alblalaihid K, Overton J, Lawes S, Kinnell P. A 3D-printed polymer micro-gripper with self-
defined electrical tracks and thermal actuator. J Micromechanics Microengineering 2017;
27:45019.

Park YL, Santos J, Galloway KG, Goldfield EC, Wood RJ. A soft wearable robotic device for
active knee motions using flat pneumatic artificial muscles. In: 2014 IEEE International
Conference on Robotics & Automation (ICRA). IEEE, Hong Kong, 2014, pp. 4805-4810.

147



66. Tadesse, Y., Wu, L., & Saharan, L. K. (2016). Musculoskeletal system for bio-inspired
robotic systems. Mechanical Engineering Magazine Select Articles, 138(03), S11-S16.

148



APPENDIX Al. RAPID PROTOTYPING OF SOFT BIOACTUATORS

This chapter heavily utilizes the following publication.

2Cvetkovic, C., Ko, E., Kaufman, C., Grant, L., Gillette, M., Kong, H., & Bashir, R. (2018). Rapid
prototyping of soft bioactuators. 3D Bioprinting in Regenerative Engineering: Principles and

Applications.
Al.1 Abstract

The driving principle behind most robots is force actuation leading to a form of directed
movement. Natural or organic systems can inspire the design of biological robots that replicate
or enhance many basic locomotive strategies with novel solutions, facilitating engineering
approaches to challenges historically plaguing traditional robotics. Stiff skeletons and
electromagnetic actuators can result in rigid bioactuators that exhibit few degrees of freedom
(DOF) and lack multi-functionality or adaptability. Conversely, effective soft bioactuators
generally have more DOF, higher power-to-weight ratios, and are more compliant than their rigid
counterparts. Typically composed of flexible polymers and fluids (sometimes with biological
materials), they are often capable of untethered and directional locomotion, elastic deformation,
efficient energy storage, and robust motion control. These lightweight materials have lower
stiffness that corresponds to properties of biological matter with which they might interact. Rapid
prototyping (RP) refers to a group of techniques that collect digital information to fabricate
physical 3D structures in an additive fashion, allowing for complex structures and geometries,
high spatial control, and a range of properties. In this chapter, we discuss the use of RP

technologies to achieve the development of soft bioactuators.

2 All authors wrote and edited the manuscript. All authors have given approval to the final version of the manuscript.
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A1.2 Background: Bio-inspiration in Tissue Engineering and Robotic Actuators

The driving principle behind man-made robots is force actuation leading to a form of directed
movement or locomotion. Natural systems can motivate the design and development of robots
that replicate or enhance many basic locomotive strategies — such as climbing, crawling?,
walking?, jumping®>* or swimming>® — with novel solutions. Biological soft robotics derives
inspiration and design principles from organic systems to facilitate engineering approaches to
challenges that have historically plagued conventional robotic actuators. Traditional hard
skeletons (made of high stiffness metals or plastics) and electromagnetic actuators can result in
rigid bioactuators that exhibit few degrees of freedom (DOF), low complexity, difficulty in
grasping actions, and aggressive collisions with living tissues. Moreover, they rarely present

multi-functionality, versatility, or adaptability™°.

Conversely, soft bioactuators (typically composed of gels, polymers, and fluids, sometimes with
the addition of biological materials) must not only be functional in a research laboratory, but also
effective in situations where they may be called upon to move over unstable terrain while
carrying heavy loads of sensors, imagers, or samplers. These devices would also ideally be
capable of untethered as well as directional locomotion, elastic deformation or stiffness
modulation, efficient energy storage, and robust motion control, in order to be both effective
and useful. Finally, these continuum robots must be environmentally safe and sufficiently low-
cost such that they can be abandoned if damaged or polluted!?. Soft bio-robotic manipulators
with high power-to-weight ratios generally have more DOF and are more compliant than their
rigid counterparts, and can manipulate fragile and unknown objects via a simple control
algorithm. The lightweight and flexible polymers, hydrogels, and elastomers used to form soft
robots have lower stiffness (moduli of 10% — 10° Pa) that corresponds to properties of biological
matter with which they might interact (Figure Al.1a). Due to recent manufacturing
advancements, they can be rapidly produced with high spatial control and a range of properties

in three dimensions (3D)31271>,

Beyond structures, soft bio-robotic systems require an actuating source and fuel supply. It

therefore follows that living biological materials (or relevant mimics thereof) would inspire and
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comprise a large portion of demonstrated bioactuators'>6, Beyond simple bio-mimicry, the field
of “bio-design” incorporates living organisms into artificial or manmade systems?’. The addition
of living biological actuator sources (e.g., muscle tissues) can increase the efficiency and
responsiveness of soft actuators, as many of these living components have evolved with efficient
standard processes for force production, energy consumption, or net movement!®2%, The world
of biology is full of intricate systems designed to solve extremely complex locomotive and
manipulative tasks with high efficiency at a wide variety of scales. Depending on the ecosystem,
there are numerous methods of potential locomotion among diverse structures and species,
including both plants and animals?2. Considering the breadth of methods of propulsion, it is
perhaps unsurprising that there are also many ways for these robots to generate a range of
locomotive forces, from molecular (e.g., motor proteins; 10° m) to cellular (e.g., individual
microorganisms or cells; 10® m) to tissue (e.g., muscles or cell clusters; 10 m) length scales??. In
addition to locomotors, there are also bio-robots that imitate peristalsis to act as pumps or
valves, transport cargo, actuate a joint, sense a signal, or perform as micro-grippers, rotors,
mixers, or manipulators to achieve other tasks?3=2°. It is apparent that the development of soft
bioactuators necessitates the intersection and integration of advancements in diverse fields such
as nanotechnology, tissue engineering, and developmental biology?’. In this chapter, we discuss

the use of rapid prototyping technologies to achieve that end.
A1.3 Rapid Prototyping Techniques and Applications

The malleable nature, micro- to macro- scale, and potential for intricate composition and
structure of bioactuators suggests that researchers will require a different manufacturing
approach than can generally be employed for rigid robots. Rapid prototyping (RP) refers to a
group of techniques that collect digital information to robotically fabricate physical 3D polymers,
metals, and ceramic solids?-30, These 3D structures are dictated by a computer-assisted design
(CAD) model of the desired part, which can be built from scratch or derived from medical images
in order to print patient-specific structures. Although various techniques exist (Figure Al.1b-g),
all methods of RP adapt a similar fundamental approach: a CAD model is converted into a

standard tessellated language (STL) file; a computer program then receives the information and
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slices the 3D model; and finally, these cross sections are sequentially layered using additive
manufacturing technologies that employ extrusion, melting, jetting, or photo-polymerization to
create a final structure. All RP techniques have short fabrication times, low costs, minimal post-
processing and waste, and variable material choices and properties, with resolutions that extend

from micron to centimeter scalel®31-33,

CAD not only serves as the input for an important method by which soft robotic actuators or
patient specific scaffolds can be fabricated, but also provides a substrate for virtual testing and
development. Due to both the increasing ubiquity of (and immense improvements in)
computational power, simulation tools can now be used to calculate kinematic, dynamic, and
finite element analysis-based responses of a prototype and visualize the results in an interactive,
3D virtual environment. The ability to model prototypes realistically and accurately while
validating preliminary prototype results has become integral in nearly all facets of engineering
design, including bio-inspired robotics34. Finally, CAD libraries can also be utilized for input on

material selection and design optimization®.

RP allows for the fabrication of complex and multi-layered 3D structures and geometries that
cannot be achieved using conventional multi-step processes such as mask-based soft lithography,
and was therefore introduced to tissue engineering to overcome limitations of conventional
fabrication techniques?*3637, For example, some RP techniques could allow for printing of
spatially-controlled growth factors, or the use of multiple nozzles loaded with different
biomaterials to create more advanced tissue structures composed of diverse matrix
components3®49, Importantly, stereolithography (SL) enables the construction of micro- or meso-
scale tissue structures with desired shapes and physical properties*!, and provides the user with
a wide range of synthetic and natural material options (e.g., hydrogels that can encapsulate living
cells*>43) that offer greater versatility and compatibility than PDMS or metallic structures.
Furthermore, through the specification of light intensity, irradiation time, and chemical makeup
of the liquid resin, the mechanical properties of a printed part can be precisely regulated. The
ability to fine-tune these features, including strength and porosity, can have implications for cells

that are sensitive to the stiffness, topography, and geometry of their micro-environment#244-47,
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Moreover, CAD allows for the production of advanced designs that closely resemble the physical
morphology, orientation, or finer details of native tissue; interconnected pores, complex surface
topography, and internal structures can be easily reconstructed into rapidly manufactured

scaffolds*8—20,

Due to increasing automation speeds as well as high throughput and iterative capabilities that
allow for design optimization, rapid prototyping technologies are especially useful for the
production of soft bioactuators in an inexpensive and mass-producible manner'®39°1, These
techniques can be utilized to construct temporary or sacrificial shape-specific molds, or to print
the bodies of flexible bioactuating devices themselves'®. In the case of the latter, high-yield RP
allows for manufacturing of complex structures in a single step process, with the possibility of

shape variations or heterogeneous properties®2.

Each RP technique requires different materials in a specific form. The selected material thus
needs to be compatible with the fabrication method as well as the intended application. In
addition, the specific architecture of the scaffold depends on the type of RP technique. For
example, selective laser sintering (SLS) of powders is not suitable for building porous structures
or smooth surfaces; on the other hand, extrusion-based fused deposition modeling (FDM)
produces thermoplastic parts with smooth surfaces that need further modification to ensure cell
adhesion. Soft actuators necessitate a flexible bio-degradable or bio-compatible polymer!&4051,
Therefore, it is important to consider material properties and the design of the scaffold, whether
the user desires to successfully regenerate a tissue or build a functional bioactuator. The user’s
choice of RP fabrication technique, materials, and biological actuating source (if applicable),

should be entirely context- and application-dependent.

Al1.4 Non-Living Bioactuators

In many cases, synthetic RP devices have been developed to mimic the agonist-antagonist style
of actuation that characterizes living tissues (Figure Al.2a-d). While they do exhibit many
favorable characteristics (such as greater DOF and flexibility) compared to rigid actuators and are

not subject to the sensitivity or strict environmental conditions necessitated by metabolically
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active cells, non-living soft bioactuators can be at a loss when compared to the volumetric
efficiency of native muscle, or the controllability of rigid actuators. Moreover, these systems
often require an external power source, which adds extraneous weight that further increases
energy requirements. This additional hardware, however, can contribute to significantly
improved power density for synthetic actuators. The movement of non-living soft devices can be
controlled with fluidic elastomer actuators (FEAs, which utilize pneumatic or hydraulic pressure),
variable length tendons (such as tension cables or shape-memory materials), or electroactive
polymers (EAPs, which can be ionic or electronic)'®>2. Considering the advantages, it is not
surprising that RP fabrication methods also permit low production costs and printing times for
soft bioactuators®>3, 3D printed soft actuator materials, utilized stimuli, speeds, and pros and

cons are reviewed in Refs1>1°2,
A1.4.1 Fluidic Elastomer Actuators

FEAs are a frequently utilized actuation method that relies on pressurized fluid or compressed air
for controlled structural deformation. Design or geometric asymmetry can allow for net
movement upon fluid inflation. Pneumatic systems (such as McKibben actuators®* or artificial
muscles) generally consist of both extensible as well as inextensible but flexible layers, broken up
into a series of internal chambers or channels. Upon pressurization, the more inflexible shell
constrains the material to increase its diameter, shorten, and exhibit greater rigidity or stiffness
— i.e., to contract like muscle®?>>. These versatile soft robots can be modeled after worms>®,
octopuses®’, flat muscle®®, and novel multi-limbed organisms®°. Recent advances have resulted
in the development of soft, miniaturized pneumatic hardware that allows the robots to behave
somewhat autonomously, such as crawling through tightly confined spaces — which would be
impossible to navigate with rigid or tethered robots®®%!, Pneumatic actuators are lightweight,
robust, and easily controlled; moreover, they can operate in wider temperature ranges than
muscle in vivo®2. However, some pneumatic systems still lack robustness, reliability, and overall

control®3.

Yang et al created a variable stiffness robotic finger that exhibited a change in elastic modulus of

the 3D printed shape memory polymer (see 6.3.2) skeleton with temperature. Heating of
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selective regions within the pneumatic actuator caused bending of the substrate, and could be
modified to achieve gripping or grasping®*. Bartlett et al 3D printed a multi-material robot that
exhibited a wide stiffness gradient within its body. The jumping robot was powered by both a
combustion reaction within the body’s chamber as well as inflation of its pneumatic legs®.
Recently, Wang et al directly 3D printed an air-driven soft robot, with integrated curvature
sensors, capable of gripping. It has been hypothesized that the use of soft grippers could increase

safety and decrease scar formation in surgical applications>>°.

Some work has moved away from the use of air as its medium and instead incorporates denser
fluids in the creation of hydraulic-powered soft robots®. MacCurdy et al used a 5-head printer to
fabricate a bellows actuator of solid polymers and liquid material simultaneously. The legs were
actuated by pumping fluid throughout the bellows of the hexapod robot’s body®’. Using
propulsion principles seen in the octopus, Fischer et al created a hydraulic underwater actuator
by using FDM to fabricate a flexible thermoplastic material®. Hydraulic power increases the
ceiling frequency of actuation and provides higher forces and durations of actuation than
pneumatic pressure. However, pneumatic actuation is more environmentally benign and exhibits

less weight®®:6°,
A1.4.2 Variable Length Tendon Actuators and “Smart” Materials

Variable-length tendon actuators that conform or morph their properties can take the form of
shape memory alloy (SMA) actuators, lightweight metals with highly tunable mechanical
properties depending on the specific alloy used, or tension cables, which require an external
conventional motor. Advantages of SMAs include minimal weight and bidirectional scaling. As
shown in tentacular soft robots®?, application of a thermoelectric stimulus to composite SMAs
can result in directed movement with high force and large DOF during a temperature-induced
phase transformation. However, the phase transition is relatively slow and lacking in high

precision, and researchers lack a targeted method for heating the wires>>7°,

The materials used in soft robotics must contain an additional level of complexity that allows

them to be stable along a wide range of environmental conditions, but undergo drastic
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conformational changes upon variation of this environmental stimulus around a given critical
point’t. A common category of bioactuator utilizes rapidly prototyped or printed “smart”
materials that can physically react to dynamic stimuli. Though response time and control
mechanisms vary by stimulus, these materials can controllably and reversibly respond to changes
in pH, light, pressure, moisture, temperature, ionic gradient, and electric or magnetic fields by
altering one or more physical properties, such as contraction or expansion of shape — much like

an organism might do when subjected to varying ecological conditions’*7>,

Combining smart materials with rapid prototyping can have interesting outcomes for soft bio-
robotics. For example, a composite biomimetic actuating system could contain SMAs embedded
in soft 3D printed materials for greater control. These smart materials can provide actuation
power as well as structural support, lending soft bioactuators increased flexibility and dexterity.
Walters et al prototyped a tentacle-like elastomer fabricated by 3D printing and actuated by
inserted SMAs’®. Gui et al manufactured a tri-pedal soft robot modeled after a spider. Forward
locomotion was powered by an SMA “muscle” (a metal fiber) directly printed into a soft 3D
photopolymer adhesive structure!!. Drawing inspiration from the deformation of crawling and
climbing insects, Umedachi et al designed electrically powered, SMA- or electric tendon-actuated
“softworms.” These multi-limbed actuators contained a rubber body fabricated from multi-
material 3D printing. SMAs provided structural support as well as actuation; variable friction
control allowed for net forward crawling, as well as control of speed and steering’’”’8, The
combination of 3D fabrication with controllable spatiotemporal properties is sometimes referred

to as “four dimensional (4D) printing”7%72,

Shape memory polymers (SMPs) can recover their original conformation from a temporary
stimulus-induced change in shape. Compared to SMAs, these softer materials are cheaper and
have a larger range of tunable properties (mechanical, thermal, or optical), and are more similar
to native muscle’?>7%8, Importantly, they do not require the extensive current supply or
activation heat of SMAs'8. Bodaghi et al printed SMPs into various arrangements of flexible
beams in planar and tubular arrangements. A stress anisotropy resulted in expansion and

shrinking of the polymer bioactuator upon thermo-mechanical stimulus8’. Mao et al designed a
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3D printed arrangement of two different materials. Two-way actuation was achieved as the
system could reversibly switch between twofold stable configurations in response to
temperature (SMPs) or water absorption (hydrogel) stimuli®2. Wu et al controlled the bending,
folding, and opening of 2D substrates by adjusting the SMP fiber volume fraction within a 3D

printed composite to mimic insect, helix, and hook designs®3.

Hydrogels are capable of swelling upon water absorption and can be considered “smart”
materials for 4D printing. Bakarich et al developed a thermally stimulated actuator with large
strain by printing an ionic covalent entanglement hydrogel (PNIPAAm) with high toughness. The
transition of the material at a critical temperature caused a decrease in water content and change
in volume’®. Sydney Gladman et al printed a patterned hydrogel composite out of a soft
polyacrylamide matrix with embedded stiff cellulose fibrils. The multi-material system mimicked
a plant cell wall composition and produced a controlled curvature due to anisotropic swelling
when immersed in water’?. Zolfagharian et al demonstrated a photo-thermal-responsive
bioactuator, additively manufactured from an extrusion-based chitosan hydrogel, with remote
control over folding®*. Zhu et al developed an optical 3D printing technology to fabricate an

artificial PEG-hydrogel microfish with magnetic guidance®.

A1.4.3 Electroactive Polymer Actuators

When subjected to an electric field stimulus, EAPs are capable of changes in overall shape,
resulting in strain and therefore actuation. These materials have been utilized for a range of
applications, including the development of electrically active soft bioactuators®>%6. Asaka et al
presented a thorough review of EAP materials and biomedical applications in Ref®’. Dielectric
elastomer actuators (DEAs) are capable of thickness contraction and area expansion under high
voltage. They can demonstrate high strain (200%), elasticity, efficiency, and energy density.
Rossiter et al fabricated a DEA using a combination of 3D printing techniques with soft and rigid
materials. A simple antagonistic structure composed of two membranes was proposed as a
prototype for soft robotics®. Recently, Cai et al developed an acrylic DEA to robotically mimic

native facial muscles using both FDM for the frame and a multi-material 3D printer for the
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dielectric film®, and Nguyen et al fabricated a scalable DEA hexapod robot with controllable

directional locomotion, rotation, and turning®°.

lonic polymer-metal composites (IPMCs) require low actuating voltages to change shape or bend
and are therefore promising for soft robotics. They must operate in wet conditions (amenable to
swimming bioactuators), and thus require some protection in air!41%5276 While these compliant
materials have been developed as intelligent artificial muscles, only a few groups have
constructed soft EAP bioactuators with rapid prototyping technologies®®. Carrico et al
demonstrated a novel method for printing soft IMPC structures using fused filament additive
manufacturing. A polymer was printed in a layer-by-layer fashion and rendered electroactive via

subsequent chemical functionalization®?.
A1.4.4 3D Printed Molds for Fabrication of Soft Bioactuators

In addition to the printing of entire bioactuators themselves, RP has been used to manufacture
both sacrifical and permanent molds®%3°2 in which to shape bioactuators from rubber, PDMS,
or other soft materials (sometimes dubbed “semi-printing”). For example, Ahn et al created a
smart material actuator, capable of bending and twisting, embedded in a soft matrix that was
cast with a 3D printed mold®3. Low et al formed silicone-based soft pneumatic grippers®>®, and
Martinez et al demonstrated a micro-pneumatic tentacle that could grasp and manipulate
complex objects®’, by casting soft materials into custom-printed 3D molds. An IMPC-embedded
tube (cast into a 3D printed mold) with multi-DOF capability was developed by Liu et al to aid in

minimally invasive surgical procedures®.

Regarding actuators whose entire structures can achieve net locomotion, Jin et al fabricated a
soft robot capable of swimming, gripping, and crawling, whose body was integrated with SMA
wires and molded using 3D printed parts’®. Lin et al used 3D printed plastic molds to create a
soft, rolling, coiled SMA-actuated “GoQBot”°. Mosadegh et al molded a “pneu-net” (pneumatic
network) soft robot whose body was actuated by air inflation>®. Most recently, Yuk et al published

a hydraulic, polyacrylamide-alginate hydrogel actuator molded from 3D printed solids®®, and
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Wehner et al cured an elastomer containing an embedded controller in a 3D printed mold to

fabricate a multi-material pneumatic soft “octobot” with eight arms®’.

However, it should be noted that elastomeric bioactuators printed in whole, as compared to
those cast in a 3D printed mold, can boast easier and shorter fabrication without a subsequent
need for post-processing or assembly’®. Morrow et al modified a FDM printer to directly fabricate
a silicone pneumatic actuator; comparison to an identical structure made from a molding process

demonstrated no tradeoff in force?.
Al.5 Living Bioactuators

The use of biological materials (including DNA, motor proteins, myosin-actin complexes, bacteria,
algae, single cells or clusters, and natural or engineered tissues — either independently or
collectively) as the primary actuators of locomotive force is still an extremely young field, but has
resulted in some interesting possibilities (see Refs2%°? for a review). The basic requirements of an
ideal living biological actuation source include the ability to generate a controllable or repeatable
force, operate under a range of environments, and be easily maintained?*. Evolution has
produced optimal living actuators that can operate long-term at physiological conditions
(favorable for bio-medical applications), wirelessly convert chemical energy (from glucose or fats,
for example, which can boast energy densities up to 100 times that of a battery?) to mechanical
work more efficiently than non-living power sources, produce nontoxic and biodegradable
byproducts from fuel conversion, and be stimulated electro- or pharmaco-mechanically — thus
eliminating the need for an external energy source. Additionally, they are proficient at self-
assembly and replication, protein synthesis, rapid adaptation (responses as short as tens of
milliseconds), and high sensitivity to environmental conditions. Understandably, they are also
biodegradable and biocompatible, and can dynamically interact with other living or non-living

components!®>?329,

In general, when exploiting the innate contractility of cells or tissue to power a bioactuator, it is
critical to consider the stimuli (mechanical, electrical, and biochemical) necessary for

differentiation, development, or maintenance®®>3. RP techniques can assist in providing a
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suitable scaffold or environment in which appropriate cues can be tuned or added (Figure Al.2e-
g). For example, a stereolithography apparatus (SLA) can print hydrogels with tissue-like stiffness
values that are mechanically similar to cells’ extracellular environment in vivo. The elastic
modulus of the extracellular matrix (ECM) not only affects viability and proliferation, but also
dictates the differentiation bias of cultured stem cells'®; for this reason, stereolithography has
been used to fabricate a variety of matrices that can realistically simulate cellular

microenvironments and aid in engineered tissue development??.

Though engineered molecular?'?*73 and bacterial'®! bioactuators are capable of cargo transport
and fluidic pumping and can thrive in a range of environmental temperatures or pH, few have
been incorporated with RP techniques®®. The combination of many cells can allow for a collective
output that is greater than the sum of its parts. Moreover, complexity (and thus functionality)
increases when progressing from single cells to cell clusters (2D sheets or 3D arrangements) to
tissues and systems?*?’. Therefore, in this section we will focus only on living eukaryotic
bioactuators at the multi-cellular and tissue scale, comprised of a synthetic mechanical scaffold

and one or more actuating biological components.

Scalable molecular motors and contraction machinery that comprise muscular sarcomeres in
particular can generate active contraction in multiple forms and size scales, be hierarchically
combined in series or in parallel, and has evolved over millions of years with extremely high
plasticity and volumetric efficiency?243>, Functional bioactuators have been devised using whole
explanted tissues®102103  cells differentiated within a scaffold or gel'®, or self-organized
engineered tissue!®, It is worth noting that although smooth muscle!® is capable of force
production, its relatively slow contraction has prohibited its employment in bio-robots that

require rapid actuation®.
A1.5.1 Cardiac Muscle

Cardiomyocytes (cardiac muscle cells) provide an excellent source for bioactuation due to their
intrinsic, synchronous contraction; thus, external stimulation is unnecessary. The cells can form

a syncytium through gap junctions and cell-cell adhesions, and produce spontaneous
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contractions?'?’, The original developments in cardiac-based bioactuators included locomotive
machines such as walking micro-robots>1°7:1% on-chip pumps!®, and swimming robots!'° and
“jellyfish”®. However, most were constructed on silicon or PDMS substrates that did not mimic
the native cellular microenvironment nor allow for dynamic adaptation; few have been coupled

to substrates fabricated from RP methods.

To demonstrate the ability of cardiac cells to induce the locomotion of a material with an elastic
modulus similar to that of the native myocardium, Chan et al developed a biological robot
(dubbed “bio-bot”) from poly(ethylene glycol) (PEG) hydrogel**!l, A modified SLA was utilized
to fabricate a micro-cantilever, the surface of which was functionalized with collagen in order to
adhere a culture of primary neonatal rat cardiomyocytes. To transform this hybrid structure into
a bioactuator capable of directional locomotion, a net asymmetry of actuation was introduced in
the cantilever design. Furthermore, the thickness of the cantilever was optimized to control the
curvature of the actuating leg and maximize the locomotive speed. The occurrence of a “power
stroke” induced by rhythmic spontaneous cardiac sheet contraction drove the actuating leg to
bend downward, increasing the friction and causing the bio-bot to propel forward. With a
maximum velocity of 236 um/sec, the cardiac bio-hybrid actuator demonstrated efficient
mechanisms of autonomous locomotion as well as a novel approach to spatially control

biochemical and physical cues during fabrication.
A1.5.2 Skeletal Muscle

The behavioral complexity and degree of external control that can be imposed on cardiac muscle
is limited by its intrinsic spontaneous contractility. The ability to regulate an actuator through the
modulation of an applied stimulus not only allows for precise control over its motion, but also
opens up avenues for greater functionality. Skeletal muscle is the primary generator of animal
locomotion, with a dense structure comprising a modular hierarchy with an arrangement of
motor units that can be recruited individually or in summation. It exhibits a greater force-to-
weight ratio in comparison to many rigid mechanical actuators??427:%9, A high degree of spatial
and temporary control over actuation, even of single fibers, is possible via external sources such

as electrical?, optical'*?113, or neural*'41> stimulation.
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A skeletal muscle-powered bio-bot developed by Cvetkovic et al mimicked the mammalian
musculoskeletal system, wherein muscle contraction drives the articulation of bones across
flexible joints®!®, A 3D printed skeleton (comprised of a flexible beam connected to two stiff
pillars) was fabricated using a SLA and subsequently anchored to an engineered muscle strip
containing differentiating C2C12 myoblasts. The 3D muscle strip contained natural ECM
hydrogels (fibrin and Matrigel™) that supported the densely embedded cells. To induce the
locomotion-driving contraction of the muscle strip, the bio-bot was positioned within an electric
field and subjected to a pulse stimulation of 1-4 Hz, resulting in a global response of the excitable
cells. The introduction of deliberate asymmetry in the pillars (achievable with a slight
modification in the rapid prototyping technique) allowed the bio-bot to move in a unidirectional

trajectory along a surface in a fluid with a maximum locomotion of ~150 um/s.

Although the muscle strip successfully induced net locomotion, the muscle was permanently
tethered to the skeleton, preventing the adaptation of the muscle to other skeleton structures?.
A second iteration by Raman et a/ was devised with a muscle ring structure, formed in a separate
3D printed mold before being transferred to the skeleton!!3. Muscle rings exhibited higher
myofiber alignment as well as increased viability*'®. The C2C12s were also genetically modified
to express Channel rhodopsin (ChR2), a membrane protein which causes muscle contraction
under the presence of blue light!'’. This allowed for the control of locomotion through an optical
stimulus, which could be positioned on localized regions of the bio-bot, thus enabling the
development of a symmetrical yet bi-directional bioactuator whose direction of locomotion was
determined by which ring the light stimulated. Similarly, a single device could also be forced to
rotate by stimulating only one half of a single muscle ring. To maximize force production, the bio-
bots underwent an “exercise regimen” of daily optical stimulation throughout muscle
differentiation. Exercise was shown to improve myotube formation, leading to increased tension

and locomotive speed up to 310 um/s.
A1.5.3 Control Mechanisms for Living Bioactuators

Cell- and tissue-based bioactuators can be controlled in a variety of manners, both internally

regulated and externally applied. Internal, cell-based control utilizes intrinsic sensory pathways
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or mechanisms within the biological material. External, non cell-based control involves remote
operation or local environmental stimuli — whether chemical, magnetic, electrical, optical, or a
combination thereof?*. Cardiomyocytes, for example, can be controlled with temperature
variance, and skeletal muscle cells can be activated via electrical fields, optogenetics, or a
neuronal network (requiring acetylcholine release from an innervating motor neuron). Optical
control is negligibly invasive, irreversible, and can provide precise spatiotemporal control. It can
also be used as an on/off toggle switch to quickly modulate contraction, pacing, or net

actuation?1:118,119,

The ability to non-invasively control living bioactuators with such specificity sets the stage for the
development of future biological machines for a variety of applications. However, care must be
taken to ensure that stimuli are applied within ranges that are acceptable or minimally invasive
for living biological material, especially when dealing with exposure to ultraviolet (UV) light or
electromagnetic fields, changes in pH and temperature, media electrolysis, and toxic waste

byproducts?*.
A1.6 Applications

Rapid prototyping technologies, which continue to advance in efficiency, resolution, and bio-
compatible material selection’?>'?°, provide a controlled, economical, and potentially high-
throughput solution to the production of responsive bioactuators for myriad applications. The
extreme diversity of fabrication approaches, material composition, and functionalities suggests
that soft bioactuators can be used in a variety of manners and systems. They boast many useful
capabilities, including shape deformation, conformation and sensitivity to their surroundings,
movement in unstructured environments, and manipulation of delicate objects®’. Their
scalability also enables operation in environments where movement of their larger counterparts
would be impractical or impossible. Furthermore, these devices are lighter, undergo more
continuous and natural deformation with simple control inputs, and are more easily mass

produced than their motor-driven counterparts!?!.
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It is expected that custom printed 3D robots and actuator structures will appear in application
areas as diverse as devices for human-computer interaction, chemical and environmental
remediation, or surgical tools for training®. For example, Alblalaihid et al used a projection micro-
stereolithography system to 3D print polymer components on top of which thin metals could be
coated to create a micro-scale gripper. The gripper was thermo-electrically activated and could
be used for surgical manipulation??, Also, applications are being explored with fluid-powered
actuators demonstrating human potential in macro-scale self-healing medical implants or
wearable orthotics'®123, Park et al designed an artificial soft bio-robotic pneumatic muscle
actuator attached to a 3D printed leg model that could be worn over the knee'?4, and Doncieux
et al developed a bio-inspired “Gummi Arm” fabricated of 3D printed plastic structures

connected by agonist-antagonist joints that mimicked soft tendons?>,

Bioactuators with or without cells might be designed for drug screening or delivery'?®, bio-
reactors or lab-on-a-chip devices, vascular pumps and monitors, or adaptive prosthetics?427:53,
Some aspects of this technology have been proposed for use as part of drug delivery systems
where a drug could detect body-site specific temperatures during local infection or low pH tumor
environments, and intelligently self-locate and self-release pharmaceuticals’. Independently or
in large numbers, these actuators might also be programmed to form mobile and robust sensor
and communication networks, allowing them to work in rubble fields, utility conduits, or the
ocean floor to assist work in multiple industries!?”128, Terrestrial actuators that could navigate
dense environments and change shape, color, or surface temperature for camouflage would fit

in well with outdoor research or military operations’®.

Both living and non-living bioactuators must be to designed such that the form matches the
intended function*®°%12%, When building with muscle, for example, the devices might need to
closely match the performance of their in vivo equivalents, especially if their intended use is to
mimic a native tissue for a drug testing or regenerative application, or to provide a novel platform
for understanding fundamental biological phenomena. However, when physiological relevance
is less important to the end objective, replication of natural performance might be overlooked in

favor of maximal efficiency, contractility, or power output. For example, primary cardiomyocytes
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might be overlooked in favor of a skeletal muscle cell line if extensive scaling up or wider
contractile ranges were necessary to the functionality of the bioactuator, but favored in certain

temperatures or situations requiring cellular synchrony.
A1l.7 Limitations and Future Directions

Though much progress has been made, significant fundamental challenges still remain. Soft
bioactuators must be manufactured in a manner that preserves the mechanical integrity of their
structure and allows for shock absorption, deformation, flexibility, and minimal damage. A major
challenge is attempting to increase force output from elastic or synthetic systems without
compromising the bio-mimetic properties that promote integration with living materials or the
complexity of design and function which characterizes the natural world!>181940.120 \When
integrating living biomaterials, researchers must consider scenarios which might enhance or
hinder force production — for example, cellular viability, (self-)adhesion, organization, alignment,
directionality, and overall struture, which all contribute significantly to function. Moreover, cells
must be maintained in cell culture media at highly regulated conditions ensuring nutrient and
oxygen delivery, with the application of appropriate external cues for guidance of tissue
development and mechanical performance. They are subject to a variety of failure modes,
including mechanical (within the tissue or at the interface), metabolic, fatigue, damage or injury,
and necrosis?*?3. Finally, it can also be difficult to model the active and passive response of a
cellular or living system in uncertain environmental conditions. Researchers still lack a deep
understanding of how fundamental processes of cells (such as local interactions) function globally

across length scales?’.

Thus far, 3D printed actuators have been assembled mostly with singular modalities. However,
just as traditional robots contain multiple systems for various modalities (actuation, perception,
computation, power, etc.), future designs of soft bioactuators should integrate multiple
components and functionalities — including sensing?%13% and processing of information — as well
as multiple cell types or materials to achieve more complex, precise, and useful actuation®2°. In
the future, it will be necessary to implement feedback systems and control mechanisms that help

to extend the lifetime, precision, repeatability, and outputs of bioactuators, while also enhancing
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their operation outside of encapsulated or restricted environmental conditions?43>131.132 \jjth
living bioactuators, co-culture systems can provide a synergistic support system to enhance
overall performance. In order to meet metabolic demands of living cells on larger size (> 0.5 mm)
or time scales, a vascular component will be necessary for consistent nutrient delivery. Indeed,
the lack of perfusive blood vessels within regenerated tissues has historically plagued
developments in the tissue engineering field. Guo, Miller, and Kolesky all have demonstrated
various 3D bio-printing methods that could be used in microvascular network formation33-135,
Additionally, innervation of muscle fibers with motor neurons can aid in the preservation of
skeletal muscle phenotype, while allowing for better control, directed motion, or more complex

functional outputs?*6:°3,

With regards to fabrication, some limitations exist within the realm of technological
advancements that might permit the construction of specific structures applicable to
bioactuators. In the future, researchers will need to consider how to develop materials and
scaffolds that can support cell and tissue outputs with maximal efficiency or power. This may
include specific nano- or micro-scale geometries, shorter print times for large structures, higher
resolution, greater range of material properties, improvement of surface adhesion techniques,
and attachment of ECMZ?%3°, Moreover, there exists a demand for multi-material rapid
prototyping advancements that could combine properties of multiple materials in one
product!l36>1 Soft bioactuators might integrate new techniques in 3D printing of layered
fabrics!3%137, SMPs for flexible electronics®, and direct printing of electronic fluidic
components!3® for on-board automation. From any perspective, these advancements represent

a rapidly growing field with the potential to significantly benefit human life.
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A1.8 Figures

=~
§\
g & § §
N &
§ & 9 & Ry
& & s & & & & >
& & < & 2 N & & &
&9 & §F s 7 & F IS & 28 5 » $
& $ > &€& & T3 $ & & X S& Fe & S
v & LT ¥ N & & < IK < ST O/ o Q
R . r v sy c—re—p e . | :
1 DO VEDEDON! 0 I DNOOON VDN DO OGN I N A | | M| |
10* 10° 106 108 10° 10'° 10M 10'2
(a) Young’s modulus (Pa)
Filament
Laser source Laser source —.&

”n
Laser beam —— %
LY
!

Laser beam ———/|\

Scaffold // : \\

1
1
' Powder

Resin <=
reservoir I Qe—— leveling roller
Movable
Powder
Movabl
platform i o cartridge Deposit

resin Platform I zZ
(b) (0 (d)
Mirror A 3
’;‘/Lm v uv curilr?; {;:np;\m s ek s
- - X-Y moving | « Roller (liquid adhesive delivery)
T o @ optichead Leveling \ | Vy ; Y
Heated Current laser blade ‘\\ /
roller > g / Part layer contour - k 3¢ Build material
) Previous Support material
< layer Part support

Part

~~ Build substrate
* Build platform

~ Elevator

Material —e
sheet

Material —w

supply  Fabricated part and /

roll support material Platform 6 =~ Waste take-up roll
(e) () (®

Powder supply platform Fabrication plétform

Figure A1.1: Rapid Prototyping Methods. (a) Range of tensile elastic moduli of biological and
synthetic materials. Soft bioactuators mimic the material properties of biological tissues.
(Reprinted from Rus 2015 with permission from Nature Publishing Group®2.) (b)
Stereolithography (SL) is a maskless solid freeform method that requires a photosensitive resin
and a UV light source. The apparatus (SLA) contains a platform that moves vertically. This
technique traced the laser or projected image to photopolymerize a liquid resin in a layer-by-
layer fashion. (Reprinted from Wu 2015%3%.) (c) Selective laser sintering (SLS) is the laser-based
fusing of thermoplastics or metal powders to create a desired 3D structure. When a laser hits the
first layer of powder on the stage, the particles fuse. A new powdered layer is deposited on the
first layer and exposed to the laser again. After the fabrication is complete, the unsintered
powder is removed. (Reprinted from Wu 2015'%.) (d) Fused deposition modeling (FDM) is a
solids-based system that utilizes extrusion. The nozzles (which can dispense different materials)
extrude a filament-shaped material on the stage to pattern the first layer; then, the platform
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lowers, and the next layer subsequently forms on the first. Since the nozzle dispenses the
material at high temperature, all the layers bind well without additional treatment. (Reprinted
from Ahn 2009 with permission from Elsevier?®.) (e) With laminated object manufacturing
(LOM), a single layered material, such as paper, plastic, or metal, is adhered to the platform.
Then, a laser beam sketches the outline by cutting and removing the excessive material. The
platform moves down by thickness of a single layer and another sheet of material is adhered on
the first layer. The process is repeated until the final layer is patterned. LOM is economical and
fast, but not effective for fabricating geometrically complex designs. (Reprinted from Ahn 2012
with permission from Elsevier'*l.) (f) Multi Jet Modeling (MJM) combines different RP
techniques. A base thermoplastic polymer material is dispensed from an array of nozzles moving
in the X-Y plane. The array draws the desired shape with the polymer on the platform, which then
lowers relative to the array before the next layer is formed. (Reprinted from Bhattacharjee 2016
with permission from the Royal Society of Chemistry'#2.) (g) Three-dimensional printing (3DP) can
employ an inkjet type processing method. There are two adjacent chambers in this system. A
feed roller on top of the material chamber spreads a powdered plaster material evenly on a
platform moving vertically in the build chamber. A cartilage hanging above the build chamber
moves over the surface to dispense a binding material. The build chamber moves down by one
layer thickness, the process is repeated, and excess material is removed. Compared to other RP
technologies, 3DP is fast and starting material is inexpensive. (Reprinted from Billiet 2012 with
permission from Elsevier43.)
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Figure A1.2: Soft Bioactuators. Examples of soft bioactuators fabricated with rapid prototyping
methods are demonstrated in both non-living (a-d) and living (e-g) systems. (a) The combination
of hydrogels and SMPs allowed for a two-way actuator that could reversibly bend or coil.
(Adapted from Mao 201622.) (b) A hydraulic-powered soft robotic globe fabricated from a 3D
printed mold was able to demonstrate precise grasping. (Reprinted from Polygerinos 2015 with
permission from Elsevier®®.) (c) The complex morphological transformation of a flower structure
was made possible with 4D bio-printing. (Reprinted from Sydney Gladman 2016 with permission
from Nature Publishing Group’2.) (d) An elastomeric crawling soft robot was powered by
pneumatic pressure. (Reprinted from Shepherd 2011°°.) (e) A 3D printed bio-hybrid cantilever
was powered by the spontaneous contraction of cardiac muscle cells. (Reprinted from Chan 2012
with permission from Nature Publishing Group!!l.) (f) An electrically powered bio-bot was
fabricated from a hydrogel skeleton made with a stereolithographic 3D printer and a combination
of skeletal muscle cells and ECM proteins. (Reprinted from Cvetkovic 20142.) (g) An optically
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powered and exercised skeletal muscle bio-bot demonstrated directionality and control.
(Reprinted from Raman 201716))
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APPENDIX A2. GRAPHENE OXIDE SUBSTRATES WITH N-CADHERIN STIMULATES
NEURONAL GROWTH AND INTRACELLULAR TRANSPORT

This chapter heavily utilizes the following publication.

3Qin, E. C., Kandel, M. E., Liamas, E., Shah, T. B., Kim, C., Kaufman, C.D., Zhang, Z.J., Popescu, G.,
Gillette, M.U., Leckband, D.E., & Kong, H.J (2019). Graphene oxide substrates with N-cadherin

stimulates neuronal growth and intracellular transport. Acta biomaterialia, 90, 412-423.

A2.1 Abstract

Intracellular transport is fundamental for neuronal function and development and is dependent
on the formation of stable actin filaments. N-cadherin, a cell-cell adhesion protein, is actively
involved in neuronal growth and actin cytoskeleton organization. Various groups have explored
how neurons behaved on substrates engineered to present N-cadherin; however, few efforts
have been made to examine how these surfaces modulate neuronal intracellular transport. To
address this issue, we assembled a substrate to which recombinant N-cadherin molecules are
physiosorbed using graphene oxide (GO) or reduced graphene oxide (rGO). N-cadherin
physiosorbed on GO and rGO led to a substantial enhancement of intracellular mass transport
along neurites relative to N-cadherin on glass, due to increased neuronal adhesion, neurite
extensions, dendritic arborization and glial cell adhesion. This study will be broadly useful for
recreating active neural tissues in vitro and for improving our understanding of the development,

homeostasis, and physiology of neurons.

A2.2 Statement of Significance

Intracellular transport of proteins and chemical cues is extremely important for culturing neurons
in vitro, as they replenish materials within and facilitate communication between neurons.

Various studies have shown that intracellular transport is dependent on the formation of stable

3E.C.Q. and H.J.K. developed the concept and designed experiments. E.C.Q., M.E.K., and E.L. performed the

experiments. E.C.Q., M.E.K., and C.K. analyzed the data. T.B.S. and C.D.K. prepared dissociated neurons. E.C.Q.,

D.E.L., and H.J.K. wrote the manuscript. E.C.Q., M.E.K., C.D.K,, P.G., G.L.M., D.E.L., and H.J.K. edited the manuscript.
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actin filaments. However, the extent to which cadherin-mediated cell—cell adhesion modulates
intracellular transport is not heavily explored. In this study, N-cadherin was adsorbed onto
graphene oxide-based substrates to understand the role of cadherin at a molecular level and the
intracellular transport within cells was examined using spatial light interference microscopy. As
such, the results of this study will serve to better understand and harness the role of cell—cell

adhesion in neuron development and regeneration.

A2.3 Introduction

The intracellular transport of synaptic vesicle precursors, neurotransmitter and
neurotrophic factors, proteins and mRNA is fundamental for the function, survival, and
morphogenesis of neurons. Motor proteins bidirectionally transport cargoes containing various
membrane organelles and protein complexes along the axons and dendrites. The transport of
molecules and organelles from the cell body to the synapses or cell membrane is referred to as
anterograde transport, whereas the opposite is referred to as retro-grade transport. For instance,
a variety of newly synthesized proteins such as actin and neurofilaments are produced in the cell
body and transported along the cytoskeleton filaments to the neuronal membrane to form and
maintain axons that are involved in communication with neighboring and distant cells [1]. On the
other hand, neurotrophic factors which are crucial to neuronal survival, such as nerve growth
factor (NGF), bind to the membrane-associated receptors, are internalized, and actively

transported to the cell body [2].

Impairment of intracellular transport has often been linked to neurodegenerative
diseases. Genetic mutations in Alzheimer’s dis-ease, for example, alters the roles of several
proteins involved in trafficking cargo inside nerve cells, and the disruption of intracellular
transport due to the protein defects results in cell death [3,4]. Similar impairments in intracellular
transport have also been linked to Parkinson’s disease, amyotrophic lateral sclerosis (ALS), and
hereditary spastic paraplegia [5]. Defective transport can arise from various mechanisms,
including the destabilization of micro-tubules, impairment of motor protein attachment to the

micro-tubules, and/or altered kinase activities [6]. As a result, the formation of stable actin
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filaments, which form tracks for motor proteins to transport cargos, is extremely important for

proper intracellular transport [7].

Various extracellular matrix and cell-cell adhesion proteins are involved in the formation
of the actin cytoskeleton. Cadherins, in particular, are cell—cell adhesion proteins which associate
with catenin and interact with the actin cytoskeleton [8—10]. N-cadherin is essential for the
functional organization of adult neural tissue and the development of neural networks by
mediating axon guidance [11], neurite outgrowth [12-14], dendritic arborizations [9], and
synaptogenesis [15,16], all of which require actin polymerization at the growth cones [17]. In
addition, studies demonstrate that the function of N-cadherin can be recapitulated in vitro [18].
For example, recombinant N-cadherin protein coated onto various surfaces has been shown to
mediate neurite outgrowth of neurons [14,19]. Approaches to improve the function of N-
cadherin exploit either the use of an adhesive peptide motif for N-cadherin [20-22] or the use of
engineered epitopes to bind and orient cadherin extracellular domains on different substrates
[23-25]. Until now, current studies have primarily focused on understanding how neurons
interact with N-cadherin coated surfaces in terms of neurite outgrowth; [14,23,24,26]; however,
to our knowledge, no studies have examined how N-cadherin mediated interactions between
neurons and N-cadherin coated surfaces affects intracellular trans-port thus far. In addition, the

exact nature of neuronal interactions on N-cadherin coated GO compared to rGO is still unknown.

In recent years, a quantitative phase imaging technique called spatial light interference
microscopy (SLIM) has been developed for non-invasive and label-free imaging of the
intracellular mass transport within cells [27—-31]. Using SLIM, the optical path length differences
in the neuronal cell body and neurites due to intracellular mass transport can be observed and
quantified [28,32]. SLIM is an improvement from the conventional phase contrast imaging, in
which the halo artifact from phase contrast imaging overestimates the neuronal cell size and
prevents quantitative information about the intracellular mass transport [33]. Moreover, SLIM
offers an opportunity to monitor the intracellular transport non-invasively over multiple days.
Using SLIM, it has been demonstrated that inhibitors and neuronal densities strongly affect intra-

cellular transport in neurons [28,31]. For this study, SLIM allows the ability to examine how N-

181



cadherin mediated interactions between neurons and N-cadherin coated surfaces affects

intracellular transport.

Recently, graphene oxide (GO) and reduced graphene oxide (rGO) have been shown to
promote protein adhesion and support neuronal function [34-36]. For instance, graphene
functionalized with poly-lysine has been shown to significantly enhance neurite numbers and
lengths in hippocampal neurons [35]. Graphene functionalized with laminin also enhances the
differentiation of neural stem cells to neurons [37]. Gonzalez-Mayorga et al. recently
demonstrated poly-lysine and N-cadherin can be coated onto microfibers made of rGO through
non-covalent interactions and chemical means using carbodiimide chemistry. The resulting
microfiber has been shown to improve neural growth in injured central neural tissue [26]. In
addition, Lee et al. showed that insulin interacts with graphene differently than GO. The resulting
changes in protein conformation is attributed to varying degrees of non-covalent interactions. In
turn, insulin when bound to graphene or GO affects stem cell growth and differentiation
differently [38]. This study demonstrated the importance of investigating the effects of both GO

and rGO on protein adsorption and cellular interactions.

To regulate the cytoskeleton formation and subsequent intra-cellular transport, we
hypothesized that adsorbing N-cadherin onto graphene-based substrates will enhance the
growth and intracellular transport of hippocampal neurons. We tested this hypothesis by
adsorbing recombinant N-cadherin extracellular domains onto uncoated glass or onto glass
coated with either GO or rGO flakes. The adhesivity of N-cadherin layers on GO or rGO coated
glass and the number of N-cadherin bound to the different substrates was evaluated by atomic
force microscopy (AFM) and enzyme-linked immunosorbent assay (ELISA), respectively. In
parallel, the secondary structure of adsorbed N-cadherin on GO or rGO flakes was examined using
circular dichroism spectroscopy. Primary rat hippocampal neurons were seeded on the N-
cadherin ecto domain coupled to uncoated and coated glass substrates, and the attachment of
neuron and glial cells, neurite extension, and dendritic arborizations were examined. We further
monitored the intracellular mass transport of vesicles within the cell bodies of the neurons and

through the neurites using a form of quantitative phase imaging called spatial light interference

182



microscopy (SLIM). These results will be broadly useful to improve efforts to understand the
developmental and physiological processes of neural tissues for the treatment of neural injuries

and disorders.

A2.4 Experimental method

A2.4.1 Production and purification of recombinant, soluble N-cadherin extracellular domains

Soluble, recombinant N-cadherin ectodomains with C-terminal Fc tags (N-cadherin-Fc)
were stably expressed in human embryonic kidney cells (HEK293, American Type Culture
Collection), as previously described [39,40]. Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS) and 0.4 mg/mL G418 (Sigma
Aldrich) as a selection marker. The cell culture supernatant containing the recombinant N-
cadherin protein was collected every two to three days. The supernatant was later filtered and
purified using a protein-A affinity column (Bio-Rad) and gel filtration chromatography 16/60
Sephacryl S-200 HR, Sigma-Aldrich) using the AKTA pure protein purification system. Protein

purity was assessed using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

A2.4.2. Preparation of graphene oxide (GO) and reduced graphene oxide (rGO) suspension

Dry graphene oxide platelets (GO), with a diameter of 0.2-2 mm and a thickness of 1.1 +
0.2 nm, was purchased from the manufacturer (Graphene Supermarket, Product Number: SKU-
GO0-005). Reduced graphene oxide (rGO), prepared by thermal exfoliation and hydrogen
reduction of graphene oxide with a diameter 0of0.4—-0.5mm and a thickness between 0.6 and 1.2
nm, was purchased from the manufacturer (ACS Materials, Product Number:GN1P0005). GO was
suspended in 70% ethanol and rGO was sus-pended in 70% ethanol and 0.5% sodium dodecyl
sulfate to a final concentration of 1 mg/mL and sonicated for 1 h before use to ensure the GO

and rGO are in single layers and separated from each other.

A2.4.3. Surface modification of glass with GO/rGO and N-cadherin

Glass coverslips were plasma treated with air for 1 min to ren-der the surface hydrophilic.

Then, 15mL of either GO or rGO flakes in suspension at a concentration of 1.0 mg/mL were spin
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coated onto the glass. The coated glass substrates were then incubated at 55°C for 10 min, to
evaporate the ethanol and water from the glass substrate, and to facilitate the uniform
distribution of GO and rGO onto the glass surface. As the drying temperature was lower than the
temperature used to reduce GO, the drying process did not result in significant reduction of GO
and rGO (Fig. A1.1) [41]. The resulting coated glass substrates were incubated with 50mg/mL N-
cadherin-Fc in phosphate-buffered saline with calcium (cPBS) for 1 h at room temperature. Six

conditions were tested as shown in Table 1.

A2.4.4. FTIR and XPS characterization of GO/rGO flakes

The compositions of GO and rGO were determined using Fourier transform infrared (FT-
IR) and X-ray photoelectron spectroscopy (XPS). For FT-IR, samples were prepared by pressingl
wt% GO/rGO flakes that were thermally treated with the conditions described in Section
2.3together with potassium bromide (KBr, Sigma Aldrich) to form a transparent pellet. The
spectra of the pel-lets were recorded using a Thermo-Nicolet Nexus 670 at a spectral range
between 1000 and 4000 cm™. The resulting spectra was the result of 64 scans obtained at a
resolution of 4 cm™, and the baseline for the spectra was corrected in Origin using the 2nd
derivative method and connected using the spline interpolation method. The Asymmetric Least
Squares Smoothing Baseline Method was used to smooth the spectra. For XPS, the samples were
prepared by depositing a thick layer of GO/rGO onto a glass via repeated drop drying, and thermal
treatment with the conditions described in Section 2.3. XPS measurements were acquired using
a Kratos AxisULTRA with a monochromated Al-KaX-ray source (hm= 1486.61 eV). The atomic
ratios of carbon to oxygen were calculated from the survey spectra by considering the integrated
areas of their respective peak positions (294.5 and 533.0 eV). The deconvolution of the carbon

spectra was performed using the CasaXPS software.

A2.4.5. Spatial distribution and characterization of GO/rGO spin-coated onto glass using Raman

spectroscopy

The Raman spectra of the glass substrates coated with GO/rGO were acquired in air at

ambient conditions with a NanophotonRaman-11 Laser Microscope. The spectra were recorded
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with a 532-nm laser between 1000 and 3000 cm™. For Raman XY mapping, a surface area of
140x140 pm? was recorded using a 20X objective lens (numerical aperture NA = 0.45). The laser
beam was focused on each point for a 0.01 s exposure time and averaged two times per point,
and the samples were measured at 35x35 pixels with a resolution of 4.1 mm. The data was further
processed using a Raman image processing software (Raman Viewer; Nanophoton Corporation,
Japan) to generate the average Raman spectra with baseline correction and normalization and
to plot the surface maps of GO/rGO. The Raman maps show the total intensity of D-band (1320
— 1370 cm™) and G-band (1550 — 1610 cm™ to the intensity of the second-order optical phonon

peak (850 — 1050 cm-1) of the glass substrate in the Raman spectrum.
A2.4.6. Surface energy of glass modified with GO/rGO

The contact angles of water and methylene iodide (SigmaAldrich) were recorded using
the sessile drop method with a Rame-Hart Contact Angel Goniometer. The DROP image standard
software was used to calculate the surface energy of the various substrates. The surface energy
was based on a two component model for solid surface energy developed by Owens and Wendt,
as described in the equation below (2): [42]
rLdcoshp1b2drLDP1=2%8rSPP1=2rLPrLD1=2p8rSDP1=281P where :rL= overall surface tension of
the liquid, rLD= dispersive component of the surface tension of the liquid, rLP= polar component
of the surface tension of the liquid, rS= overall surface energy of the solid, rSD= dispersive
component of the surface energy of the solid, rSP= polar component of the surface energy of the
solid, rSL= the interfacial tension between the solid and the liquid, and h= the contact angle
between the liquid and the solid. For water, rL= 72.8 erg/cm?, rLD= 21.8 erg/cm2, and rLP= 51.0
erg/cm?. Formethylene iodide, rL= 50.8 erg/cm? rLD= 48.5 erg/cm?, and rLP= 1.3 erg/cm?. The

total surface energy of the surface is the sum of the slope, (rsP)1/2, and the intercept, (rsD)1/2.

A2.4.7. Circular dichroism analysis of N-cadherin secondary structure
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To prepare the samples, 0.28mg/mL recombinant N-cadherin-Fc solution was mixed with
0.20 mg/mL GO or rGO suspension for one hour at room temperature. All samples were prepared
in cPBS. Circular dichroism (CD) measurements of unbound N-cadherin and N-cadherin
associated with GO and rGO flakes were conducted using the Jasco 715 spectropolarimeter. A
quartz cell with an optical pathlength of 1 mm was used. The scanning speed was set at 50

nm/min, and a wavelength range was examined between 200 and250 nm.

A2.4.8. Enzyme-linked immunosorbent assay (ELISA) to determine amount of adsorbed N-

cadherin

A mass balance approach was used to quantify the amount of N-cadherin immobilized on
the coated and uncoated glass substrate. After incubation with the glass substrates, the unbound
N-cadherin was collected and added to a polystyrene 96-well plate. After incubation for 1 h at
37°C, the plate was washed and then incubated with 2% bovine serum albumin (BSA) in cPBS for
1 h at 37°Ctoblock nonspecific interactions. Then, the wells were incubated with N-cadherin
rabbit polyclonal antibody (1:600, ProteinTech) over-night at 4°C. Horse radish peroxidase (HRP)-
conjugated anti-rabbit IgG (1:10,000, Sigma Aldrich) was added to each well and incubated at
room temperature for one hour. Between each step, the wells were washed extensively with
cPBS. A 3,30,5,50-tetramethylbenzidine (TMB) ELISA substrate kit (ThermoFisher) was used as a
chromogenic substrate for HRP. After incubation for 20 min with the TMB and peroxide solution
from the kit, the absorbance of each well was measured at 370 nm with a microplate reader
(Tecan Infinite 200 PRO). A calibration curve was conducted with known amounts of N-cadherin
and their corresponding absorbance to determine the surface density of N-cadherin immobilized

on the substrate.

A2.4.9. Atomic force microscopy imaging and adhesion force measurement

Topographic images and force—displacement curves were acquired using a Multimode
Nanoscope Il atomic force microscope (AFM) equipped with Nanoscope Il controller (Veeco,
CA). Silicon nitride AFM cantilevers, with a nominal spring constant of 0.27 N/m, (nominal spring

constant 0.27 N/m) were purchased from BudgetSensors (Sofia, Bulgaria). AFM was operated in
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intermittent contact mode for imaging on substrates with and without N-cadherin. One hundred
force curves were collected with unmodified AFM tips over a 10x10 um? region on either GO or
RGO cluster with or without N-cadherin, using the aid of the system integrated optical
microscope. This process was repeated over three different locations on the substrates, in order
to acquire a total of 300 force curves for each sample examined. The applied load and tip
retraction velocity were kept at 4 nN and 2mm/s respectively for the force measurements.
Surface adhesion values were quantified by registering the force required to separate the AFM
tip from surface and analyzed using Matlab scripts (developed by Carpick’s group at the

University of Pennsylvania). All experiments were performed in cPBS at room temperature.
A2.4.10. Primary hippocampal neuron culture

All experimental procedures were performed with protocols approved by the Institutional
Animal Care and Use Committee, University of lllinois at Urbana-Champaign, and in compliance
with the principles and procedures outlined in the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. Hippocampal neurons were obtained from neonatal (P1-P2)
Long-Evans BIuGill rat brains, as previously described. After isolation, the hippocampi were
placed in Hibernate-A (Brain Bits, Springfield, IL) on ice, and then treated with 18 U/mL papain
(Sigma Aldrich) in Hibernate-A for 30 min at 37°C. Following enzymatic digestion, the hippocampi
were rinsed with Hibernate-A, and mechanically dissociated through trituration using a fire-
polished Pasteur pipette. The dissociated cells were centrifuged and re-suspended in standard
maintenance media containing Neurobasal media (Gibco), supplemented with 0.5 mM GlutaMAX
(Gibco), serum-free neural media supplement (GS21, Sigma Aldrich), 100 U/mL penicillin and 0.1
mg/mL streptomycin. Prior to cell culture, the coated and uncoated glass substrates were
incubated with complete culture medium for 15 min at37°C. Primary hippocampal neurons were
seeded onto the different glass substrates prepared as summarized in Table 1. For low-density
cell experiments, the cells were seeded at a density 0f150,000 cells/cm2, and cultured at 37°Cin
the presence of 5%CO02. For high density, long-term cell experiments, the cells were seeded at a

density of 375,000 cells/cm2, and the osmolality of the medium was adjusted to 275 mOsm with

187



sodium chloride. For the low and high cell density experiments, half of the medium was removed

and replaced with fresh maintenance medium every three days.

A2.4.11. Immunofluorescence imaging and neuronal analysis

After 4 and 10 days of culture, the cells on the coated and uncoated glass substrates were
fixed with acetone:methanol (1:1) for 20 min at -20°C and then were blocked with 2% BSA for 30
min. The cultures were then incubated with rabbit poly-clonal anti-microtubule associated
protein 2 (MAP2) (1:500, Abcam) and mouse anti-glial fibrillary acid protein (GFAP) (1:250, BD
Biosciences) overnight at 4°C. Afterwards, the cells were incubated with fluorescently labeled
goat anti-rabbit (H + L)cross-adsorbed secondary antibody Alexa Fluor 488 (1:25, Thermo-Fisher)
and goat anti-mouse 1gG (H + L) Alexa Fluor 555 (1:250, CellSignaling Technology) for 60 min at
room temperature. Finally, the cell nuclei were stained with DAPI (10mg/mL, Invitrogen) for 8
min at room temperature. Between steps, the coated and uncoated glass substrates were rinsed
with PBS. The immunofluorescence imaging was obtained using a confocal microscope (Zeiss
LSM700). Afterwards, Imagel was used to quantify the total number of cells stained for GFAP and
MAP2, the number of primary and terminal neurites, and the length of the neurites. Due to
clustering of cells present on the glass substrate, several assumptions are made to quantify the
neuronal behavior on the glass substrate for the higher density cultures. First, to estimate the
number of dendrites, the width of the dendrites was divided by the average width of the
individual dendrites, measured from the dendrites on neurons cultured on the N-cadherin coated
GO and rGO substrates. Second, to estimate the number of cells, only cells that had direct contact
with the substrate was counted. Third, morphological conditions were used to classify neurons

from glial cells.

A2.4.12. Label-free intracellular transport with quantitative phase imaging

Spatial Light Interference Microscopy (SLIM), a technique that measures the optical path
length shifts in the phase contrast geometry, was used to examine the intracellular mass
transport in the neuronal cell body and neurites. Images were acquired with a SLIM system

(CellVista SLIM Pro, Phi optics, Inc.) attached to a Zeiss Z1microscope, as described previously
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[33]. The cells were seeded at 250,000 cells cells/cm2in maintenance medium. After 22 h in
culture, the neurons were continuously monitored (in “bursts”) for 12 min at each field-of-view
with a separation of 5.5-hour time intervals between bursts for a total of approximately 40 h.
During imaging, the cells were kept at 37°C and in a 5% CO2atmospherewith an incubator and
heated stage insert (Zeiss). To characterize mass transport phenomena, the mean spread of
advection velocities was examined using dispersion-relation phase spectroscopy (DPS), a method
that uses time-resolved quantitative phase imaging to analyze intracellular transport [27,30]. The
phase map time-sequence was manually annotated into neurites and bodies using ImageJ to yield

a single advection spread coefficient [32].

A2.4.13. Statistical analysis

All in vitro experiments were conducted with at least two independent cell experiments
and with at least four different samples per group. All results represented mean + standard error
of mean, unless otherwise noted. For in vitro experiments, a one-analysis of variance (ANOVA)
followed by Tukey-HSD post-hoc tests were performed on all data sets. For SLIM experiments, a
Wilcoxon rank-sum test was used to compare between groups, and the data was reported as a
box-and-whisker plot, where the whiskers show the minimum and maximum, and the box shows

the 25th, 50th, and 75th percentiles.

A2.5. Results

A2.5.1. Characterization of GO and rGO flakes

Fourier-transform infrared (FT-IR) spectra of the functional groups of GO and rGO flakes
are shown in Fig. A2.1a. GO flakes have peaks at 3400, 1730, 1412, 1225, and 1047 cm™?, which
correspond to the OAH, C@0O, C@C, CAOAC, and CAO groups, respectively. In contrast, rGO flakes
only exhibit some of the oxygen containing functional groups (C@0, C@C, and CAOAC). This
result was re-confirmed with X-ray photoelectron spectroscopy (XPS). XPS elemental analysis
shows that the carbon to oxygen atom ratio of GO is 0.46, while that of rGO is 2.14, due to the
reduction of the epoxides and hydroxyl groups (Fig. A2.1b). Both GO and rGO have peaks at 284.6

eV, which corresponds to the emission from thesp2-hybridized carbons. However, GO has
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another higher binding energy peak at 286.7 eV, which is assigned to the hydroxyl group, as well
as an additional peak at 289.4 eV, which corresponds to the carboxylic acid group (Fig. A2.1c).
rGO showed smaller peaks corresponding to hydroxyl and carboxylic acid groups than GO (Fig.

A2.1d).

A2.5.2. Characterization of glass substrates coated with GO and rGO flakes

GO and rGO flakes were spin-coated onto plasma-treated glass substrates. Raman
spectroscopy of glass coated with GO or with rGO flakes revealed two broad peaks: a D-band at
1,360 cm™ and a G-band 1,600 cm™. The D-band represents the out-of-plane vibrations of
sp2carbon due to the presence of structural defects, and the G-band represents the in-plane
vibrations of sp2carbon from a 532-nm excitation laser. The additional oxygen-containing
functional groups on GO disrupted the in-plane sp2con-figuration and resulted in a higher relative
peak intensity ratio of the D- to the G-band (1.06) than rGO flakes (0.72). The ratio of the G-band
at1,360 cm™ to the 2D band at 1,600 cm™ was 0.21 for glass coated with GO and 0.17 for glass
coated with rGO. This result states that the GO and rGO are single-layered [43]. Raman
spectroscopy mapping and confocal images of the total intensity of D-band (1320-1370 cm?) and
G-band (1550-1610 cm™) confirmed that GO and rGO flakes were evenly dis-tributed across the
surface (Fig. A2.2b). Confocal images showed that the surface coverage of GO and rGO to the
glass substrates were around40%. There was no significant difference between the surface
coverage of GO and rGO. Water contact angle measurements showed that glass substrates
coated with GO and rGO flakes were more hydrophobic than uncoated glass substrates, as noted
by the increased advancing water contact angles (Fig. A2.2c). As expected, the glass substrate
coated with rGO flakes was slightly more hydrophobic than the glass substrate coated with GO
flakes. The contact angle of water was 31 + 3° for GO, and 38 + 3° for rGO. For glass, the contact
angle of water was only 19 * 2°. The total surface energy of glass substrates coated with GO or
rGO flakes was calculated based on the two-component model developed by Owens and Wendt
to be around 65 * 2 and 68 + 2 mN/m, respectively [42]. This value was around 10 mN/m lower

than that of the uncoated glass substrate (Fig. A2.2d).

A2.5.3. Physisorption of N-cadherin onto GO/rGO-coated glass substrates
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Recombinant N-cadherin molecules were physiosorbed onto the surface of un-, GO-, or
rGO-coated glass by exposing the substrates to a solution of 50mg/mL N-cadherin-Fc (Fig. A2.3a).
AFM images acquired in PBS containing calcium showed that N-cadherin adhered to all three
substrates (Fig. A2.3b, Fig. A2), and the adsorbed protein was approximately 2-3 nm in height
with an average diameter of 15 nm (Fig. A3). In comparison with prior electron microscopy
images of N-cadherin on mica [44], the images presented here suggest that N-cadherin adsorbs
as aggregates or as ‘collapsed’ globules. AFM-based force spectroscopy was used to quantify the
surface adhesion between an uncoated AFM tip and the N-cadherin layer on the uncoated, GO,
and rGO-coated glass. The adhesion is defined as the force required to separate the AFM tip from
the solid surface, with or without the N-cadherin (Fig. A4). It was found that the GO-and rGO-
coated glass substrates had greater mean adhesion strength of N-cadherin than uncoated glass
substrates. The surface adhesion of uncoated glass is approximately 0.57 £ 0.04 nN, as measured
by AFM. In contrast, the mean adhesion strength of N-cadherin to the GO- or rGO-coated glass
substrates was approximately ten times higher than the uncoated glass substrate (Fig. A2.3c).
While the mean values do not demonstrate a significant difference in adhesion strength, the
force histogram distribution were much broader for the N-cadherin layer on GO- and rGO-coated
glass. In addition, the maximum adhesion, determined by the peak of the histogram, appeared
to shift to higher values on the rGO-coated glass. rGO (3.5 nN) had a maximum surface adhesion
between the N-cadherin and AFM tip, compared to uncoated glass (1 nN) and GO (2 nN). Control
studies of the adhesion between AFM and the uncoated, GO-, and rGO-coated glass with-out N-
cadherin revealed a significantly lower adhesion over all samples (Fig. A5). This result confirmed
that the adhesion force was dependent on the interaction between the N-cadherin layer and
AFM tip, which was influenced by the underlying substrate. Importantly, these measurements
did not quantify the strengths of individual cadherin bonds [25,45], but rather semi-
guantitatively compared the relative adhesion of the AFM tip to the different substrates. This
was apparent from the high values of the reported adhesion (nN) relative to the piconewton
forces to rupture individual cadherin bonds [25]. The force-extension curves also indicated
multiple unbinding events over retraction distances of more than 150 nm. We separately

examined whether GO and rGO also increased the total number of N-cadherin physiosorbed to
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the various substrates using an enzyme-linked immunosorbent assay (ELISA) (Fig. A2.3d).
Interestingly, GO and rGO did not increase the total density of N-cadherin bound to the glass
substrate, compared to the N-cadherin adhered to the uncoated glass. GO and rGO-coated glass
resulted in slightly higher amounts of physiosorbed N-cadherin (0.36 + 0.06 and 0.37 + 0.08
pmol/cm2, respectively) than uncoated glass (0.34 + 0.02 pmol/cm2). In addition, circular
dichroism spectroscopy confirmed that N-cadherin mixed with the GO or rGOflakes in solution

retained its original beta-sheet confirmation, with a negative band at 212 nm (Fig. A2.3e).

A2.5.4. Enhanced N-cadherin adhesive function on GO/rGO-coated glass substrates promotes

neuronal cell adhesion and dendritic arborization

Primary rat hippocampal neurons were cultured on the differ-ent substrates, and the
morphologies of neurons seeded on the different substrates were evaluated by staining neurons
and glial cells with microtubule associated protein 2 (MAP2) and glial fibrillary acidic protein
(GFAP), respectively, after four days in vitro. To investigate the neuronal morphologies, the cells
were seeded at an initial low density of 150,000 cells/cm2. N-cadherin adsorbed on GO-coated
glass substrates (N-cadherin-GO-glass) or N-cadherin adsorbed on rGO-coated glass substrates
(N-cadherin-rGO-glass) increased the percentage of MAP2-positive neurons relative to neurons
on glass. In contrast, N-cadherin adsorbed on the uncoated glass (N-cadherin-glass) did not
increase the number ofMAP2-positive neurons, compared to cells on the uncoated glass
substrate (Fig. A2.4a&b; Fig. A6). All conditions resulted in minimal adhesion of glial cells (1-4%),
stained with GFAP. Treatment with N-cadherin function-blocking antibody prevented cell
attachment to the glass substrates with physiosorbed recombinant N-cadherin (Fig. A7), which
confirmed the binding specificity of the adhesive N-cadherin ligand. In addition, N-cadherin-GO-
glass and N-cadherin-rGO-glass increased the number of primary dendrites per cell by 2.5 and 4-
fold, respectively, compared to GO- and rGO-coated glass substrates without N-cadherin (Fig.
A2.4a&c, Fig. A8). Furthermore, on N-cadherin-rGO-glass, the mean lengths of the neurites and
the number of primary dendrites extended from the neuron were greater than on the uncoated
glass (Fig. A2.4a&d). In the absence of N-cadherin, the neurite length was only slightly higher on

GO-or rGO-coated glass compared with cells on the uncoated glass. Interestingly, none of the
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coatings affected dendritic arborization. The effects of N-cadherin and GO/rGO flakes on neurons
were further observed when neurons were plated at sub-confluent densities for long-term
culture. As it was difficult to maintain cultures of primary neurons at low cell densities due to the
lack of trophic support from adjacent neurons and glia [46], the neurons were seeded at a higher
density of 375,000 cells/cm2. After 3 days in vitro on N-cadherin-glass, the neurons self-
aggregated to form clusters (Fig. A9). The clusters showed limited dendritic arborization by 9 days
in vitro (Fig. A2.5a; Fig. A9). In contrast, neurons cultured on the N-cadherin-GO-glass or on N-
cadherin-rGO-glass did not form clusters. Instead, the neurons were homogenously distributed
across the substrates, and formed extensively interconnected neural networks. Uncoated and
coated glass substrates without physiosorbed N-cadherin did not support long-term cultures past
4 days in vitro (Fig. A10). Because the neurons clustered on N-cadherin-glass, it was difficult to
determine the total number of cells adhered to the surface, the cell types, and the number of
dendritic extensions per neuron. For instance, the cluster prevented proper labeling of neuron
and glial cells within the clusters. In addition, multiple neurites were grouped together, which
made discerning the source of the neu-rites from individual neuronal cell bodies impossible. By
contrast, valuable information could be perceived from the neurons that were evenly distributed
over the substrates. The density of neurons that adhered to the N-cadherin-GO-glass was higher
than then number of neurons adhered on N-cadherin-rGO-glass glass (Fig. A2.5b, Fig. A11). N-
cadherin-GO-glass facilitated the adhesion of glial cells marked with GFAP compared to the two
other conditions, which resulted in a higher neuron to glia ratio on the N-cadherin-rGO-glass than
on the N-cadherin-GO-glass (Fig. A2.5a&c, Fig. A12). In addition, neurons cultured on the N-
cadherin-rGO-glass displayed greater primary and terminal arborization than those grown on N-
cadherin-GO-glass (Fig. A2.5a, d&e, Fig. A8). The arborization of primary dendrites originating
from the cell body of the neurons was 3 + 1 primary dendrites per cell on N-cadherin-GO-glass
and 5 + 2 primary dendrites per cell on N-cadherin-rGO-glass. The total number of terminal
neurites was also two times higher on N-cadherin-rGO-glass (6 + 3 terminal dendrites per cell)

than that on N-cadherin-GO-glass (11 + 6 terminal dendrites per cell).

A2.5.5. N-cadherin modulates intracellular mass transport through interconnected neurons
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To determine how the different substrates affected neuronal functions, we quantified the
intracellular vesicular mass transport throughout the neurites and cell body using a non-invasive
and label-free quantitative phase imaging modality called spatial light interference microscopy
(SLIM) [33].Within the neuronal cell bodies, the intracellular mass transport was more active on
substrates physiosorbed with N-cadherin than glass substrates without N-cadherin, as
demonstrated by the higher mean advection velocity (Fig. A2.6a&b; Movies A1-A6).The mean
advection velocities for neurons cultured on uncoated, GO- and rGO-glass were 1.6 £ 0.3, 1.8 +
0.6, and 1.6 * 0.4lm/min, respectively. On the other hand, the mean velocities of N-cadherin-
glass, N-cadherin-GO-glass, and N-cadherin-rGO-glass, were 2.0 + 0.4, 2.0 + 0.4, and 2.0 *
0.4lm/min, respectively. GO and rGO flakes alone did not significantly affect the advection
velocity in the cell body, regardless of the presence of N-cadherin (Fig. A2.6b). Within the
neurites, there was increased intracellular mass transport in neurons grown on N-cadherin-GO-
glass and N-cadherin-rGO-glass compared to N-cadherin-glass. Interestingly, in neurons cultured
on N-cadherin-GO-glass or on N-cadherin-rGO-glass, the mean advection velocity in the neurites
increased (0.2 £ 0.2 and 0.3 + 0.2lm/min, respectively), in comparison to transport in cells on N-
cadherin-glass (0.1 = 0.1lm/min) (Fig. A2.6c&d; Movies A7—-A9). Representative images of the
time required for intracellular vesicular transport from one end to the other end of the frame are
shown in Fig. A2.6c. Compared to the mean advection velocity in the cell body, the mean
advection velocity in the neurites was 5-10 times slower. Neurons grown on glass without N-
cadherin did not extend sufficient neurites for analyses of mass transport, due to shortened
lengths and decreased dendritic arborizations. As a result, intracellular mass transport was only

assessed in neurites on N-cadherin-glass

A2.6. Discussion

Results presented in this study show that soluble, recombinant N-cadherin extracellular
domains retain greater adhesive function when physiosorbed to GO or rGO coated glass, relative
to N-cadherin directly adsorbed to uncoated glass. This resulted in greater neuron adhesion,
arborization, and intracellular vesicle transport on N-cadherin-GO or N-cadherin-rGO-glass,

relative to cells on N-cadherin-glass. Furthermore, AFM adhesion measurements confirmed
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greater N-cadherin-dependent tip-substrate adhesion to N-cadherin-GO or N-cadherin-rGO

compared to N-cadherin-glass, at similar physiosorbed protein densities.

We found that GO-glass and rGO-glass supported increased neuron adhesion and
prevented cell clustering on N-cadherin modified substrates. Compared to cells adhered to N-
cadherin-glass, N-cadherin-GO-glass and N-cadherin-rGO-glass resulted in increased neurite
extension lengths and dendritic arborization. Also, hippocampal neurons adhered to the N-
cadherin modified glass better than to glass without N-cadherin. This result indicates that
neurons recognize and adhere to the recombinant N-cadherin molecules immobilized on the
glass. More interestingly, neurons adhered to the N-cadherin-GO-glass or the N-cadherin-rGO-
glass exhibited more active neurite extension and dendritic arborization than cells adhered to
the N-cadherin-glass. This active neurite extension and dendritic arborization would allow for
increased chances for synapse formation and communication between neighboring cells. In
addition, despite the discontinuous, uncoated glass areas on N-cadherin-GO-glass and N-
cadherin-rGO-glass, improvements in neuronal adhesion, neurite extension, and dendritic
arborization can be observed. As the key difference between N-cadherin-glass and N-cadherin
GO-glass or N-cadherin-rGO-glass is the presence of GO and rGO, respectively, the results suggest

that these improvements are primarily due to GO and rGO.

In addition, we also found that GO-glass and rGO-glass sup-ported glial cell adhesion,
particularly with high initial seeding densities (375,000 cells/cm?). Two-way communication
between neurons and glial cells are extremely important for neuronal function. Glial cells, for
instance, release neurotransmitters and other extracellular signaling molecules that affect
synapse formation, synaptic transmission, and synaptic strength [47,48]. In this regard, glial cells
are required for normal functioning of the nervous system. Previous studies have also shown that
glial cells, which also express N-cadherin, binds preferentially to N-cadherin [49]. With lower
density cultures (150,000 cells/cm?), where glial cells were not present, we observed early
neuronal death after four days of culture. By 10 days of culture, a majority of the neurons have

died (95%). In the presence of glial cells, the neurons interacted with the glial cells and the
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substrate. The neurons continued to grow and exhibit neurite arborizations after ten days of

culture.

Numerous studies have shown that N-cadherin promotes neu-rite extensions [13,14]. It
has been proposed that N-cadherin stimulates the neurite outgrowth through a “molecular
clutch” mechanism, which involves a direct mechanical linkage between the N-cadherin/catenin
complexes at the membrane and intracellular actin [8]. These results suggest that a critical
density of functional N-cadherin bonds is required to stabilize adhesions and resist actin flow.
The strength of single N-cadherin bonds is 50 pN [45,50]. At the single molecule level, these
individual weak bonds may not be sufficient to stabilize neuronal adhesion and support neurite
extensions, but clusters of N-cadherin on beads used in optical trapping studies were capable of
resisting actin flow, and N-cadherin adhesion to the cell surface stimulated neu-rite outgrowth
[8]. Thus, increasing the population of active, physiosorbed N-cadherin on the GO and rGO coated
glass substrates, as suggested by AFM results presented here, would similarly increase the
density of neuron-substrate bonds to a level sufficient to stabilize N-cadherin adhesions and
support both neurite out-growth and increased arborization. These results demonstrate
increased dendritic outgrowth and arborization, neuronal adhesion, and intracellular transport
on conditions with N-cadherin compared to the control (without N-cadherin). Therefore, we
believe that there is a significant advantage to using N-cadherin for neuronal cultures, as without
N-cadherin, we would not see the aforementioned effects. N-cadherin has been shown to
promote neuronal outgrowth more rapidly compared to non-adhesive polymers such as
polylysine [14]; however, another paper reports that both N-cadherin and polylysine results high
interconnected neuronal cultures [26]. As the exact mechanism for this behavior is complex, it is

difficult to cross-compare the effects of N-cadherin to synthetic polymers.

Although the exact physical and chemical basis for the greater specific adhesion and
amount of protein bound on the substrates is unclear, the results suggest that GO- and rGO-
flakes bind Fc-tagged N-cadherin in a manner that both exposes the binding site and preserves
the physiosorbed protein function. For instance, glass surfaces are negatively charged, so that

the difference in retained N-cadherin activity could be due to the different effects of electrostatic
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versus van der Waals and non-polar interactions on the N-cadherin structure and activity. In
contrast, the minimal difference in the adhesive function of N-cadherin-GO- and N-cadherin-rGO-
glass implies that differences in local hydrogen bonding and electrostatic interactions between
the GO/rGO flakes did not significantly alter the N-cadherin function. Our results indicated that
the N-cadherin protein retains its original beta-sheet conformation when bound to both GO and
rGO, unlike proteins such as insulin, which change conformation when bound to graphene

derivatives [38].

Using SLIM, a highly sensitive form of quantitative phase imaging, we found that the
presence of N-cadherin molecules on these substrates supported increased advection mass
velocity in neu-rites, particularly when the protein was adsorbed onto the GO or rGO-coated
glass. The ability of neurons to actively transport macromolecules and organelles is extremely
important for forming physiologically functional neural networks. Proteins, soluble growth
factors, and hormones are produced in the cell body, loaded in vesicles, and transported across
the neurites [51]. As neurons grow and interact with neighboring proteins, neurons release
intracellular molecules through exocytosis at the synaptic junction between cells. Defective
transport due to protein aggregation or accumulation can lead to numerous neurodevelopmental

and neurodegenerative disorders [5].

Our findings demonstrate that neuronal adhesion to N-cadherin extracellular domains
physiosorbed to the GO- or rGO-coated glass resulted in increased advection velocity of the
intracellular mass in neurites relative to cells adhered to less adhesive, uncoated glass. The
increased intracellular transport is possibly due to the increased regulation of the microtubule
and actin cytoskeleton through cadherin-mediated adhesion. Cadherins are actin regulatory
proteins and they also link to microtubules through the micro-tubule binding proteins PLEKHA7
and Nezha [52]. The latter interaction increases microtubule density and impacts the micro-
tubule network [53]. Relevant to this study, the longer neurites, which were formed on N-
cadherin-GO-glass and on N-cadherin-rGO-glass are indicative of stable microtubules. While
receptors other than N-cadherin are also associated with microtubule formation [54], our studies

suggest that surfaces coated with N-cadherin formed stable microtubules, which preferentially
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bind to kinesin and dynein motors [55]. In addition, increased glial cell adhesion may increase
intracellular transport, possibly through the release of neurotransmitters and other extracellular

signaling molecules [47].

A2.7. Conclusion

Overall, this study demonstrated that physiosorbed Fc-tagged, N-cadherin extracellular
domains on GO and rGO flakes coated on glass exhibited greater average adhesive function than
N-cadherin adsorbed directly to glass substrates. The increased N-cadherin-based adhesion
resulted in dispersed neurons on substrates with improved intracellular mass transport along
neurites. This result is attributed to concomitant increases in neurite extensions, dendritic
arborization, neural network formation, and improved intracellular mass transport throughout
the neural networks. These substrates thus enhance physiologically relevant neural functions in
vitro and will facilitate future studies aimed at better understanding the development,
homeostasis, and pathology of neural networks. In addition, the ability of N-cadherin-GO- and
rGO-coated substrates to support single-layer neuronal cultures may facilitate drug and gene
delivery studies, due to the homogeneity of the neurons in exposure to delivered drugs and
genes. Furthermore, the strong coupling of cadherins between neurons with N-cadherin coated
GO and rGO would thus allow for stabilization of the growth cones involved in neural path-finding

and extensions.
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Figure A2.1. Characterization of GO/rGO flakes. (a) FT-IR spectra of GO/rGO flakes. (b) XPS
elemental analysis. Deconvolution of the C1s XPS spectra of (c) GO and (d) rGO.
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Figure A2.2. Surface analysis of GO/rGO coated substrates. (a) Raman spectroscopy of GO and
rGO. (b) 1st row: Representative intensity mapping of the total intensity of the D-(1320-1370 cm~
1) and G-band (1550-1610 cm™). 2nd row: Corresponding phase contrast confocal images of
substrates. Scale bar represents 50 um. (c) Images of water droplets on uncoated, GO and rGO-
coated glass. (d) Table of the contact angle and surface energy of the substrates. The values
represent the mean * the standard error of the mean (n = 4)
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Figure A2.3. Immobilization of N-cadherin onto GO/rGO-coated glass surfaces. (a) Scheme that
depicts the procedure to immobilize N-cadherin on the GO/rGO-coated substrates. (b) AFM
images N-cadherin adhered onto (i) uncoated glass, (ii) GO-coated glass, and (iii) rGO-coated
glass. AFM experiments were performed in liquid, and the arrows represent areas where N-
cadherin molecules are bound. The scale bar represents 100 nm. (c) Adhesion force histograms
obtained by force-distance curves for N-cadherin adhered on (i) the uncoated glass, (ii) GO-
coated glass, and (iii) rGO-coated glass. (d) Average density of adsorbed N-cadherin on the
various substrates (n = 3). *represents ap-value < 0.05 and **represents a p value < 0.01 by a
one-way ANOVA. (e) Circular dichroism spectra of either soluble N-cadherin or N-cadherin
physiosorbed to GO or rGO flakes.
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Figure A2.4. Hippocampal neurons cultured on substrates modified with physiosorbed N-
cadherin on GO- or rGO-coated glass. Cells were seeded at a density of 150,000 cells/cm2and
imaged at 4 days in vitro. (a) Representative confocal images of hippocampal neurons on
uncoated, GO-, and rGO-coated substrates immobilized with and without N-cadherin. Scale bar
represents 50 um. Green represents MAP2 and blue represents DAPI. Quantification of (b)
density of neurons stained for MAP2 (n = 4 per group), (c) number of primary dendrites per cell,
(n > 30 cells per group) and (d) average neurite length (n > 50 neurites per group). In all figures,
*represents a p value < 0.05 and **represents a p-value < 0.01 as determined by a one-way
ANOVA with Tukey’s post-hoc. The bars represent the mean values * the standard error of mean.
(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Figure A2.5. High density neuronal cultures on substrates coated with GO/rGO and immobilized
with N-cadherin. Cells were seeded at a density of 375,000 cells/cm2and imaged at 10 days in
vitro. (a) Representative confocal images of hippocampal neurons on uncoated, GO-, and rGO-
coated substrates immobilized with and without N-cadherin. Scalebars represent 100 um. The
green color represents, the red color represents GFAP, and the blue color represents DAPI.
Quantification of the (b) neuronal density (n = 4 per group), (c) neuron to glial ratio (n = 4 per
group), (d) number of primary dendrites per cell (n > 30 cells per group), and (e) the total number
of terminal dendrites per cell (n > 30 cells per group). In all figures, *represents a p-value < 0.05,
**represents a p-value < 0.01, and ***represents a p-value < 0.001 as determined by a one-way
ANOVA with Tukey’s post-hoc. The bars represent the mean values * the standard error of mean.
(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Figure A2.6. SLIM-based quantitative imaging of mass transport of hippocampal neurons. (a)
Representative images from SLIM of cell bodies on uncoated substrates immobilized with and
without N cadherin. The times are in minutes: seconds. Scale bar represents 5 um. (b)
Comparison of mean advection velocities of neuronal cell bodies (n > 30 cells per group). (c)
Representative images from SLIM of neurites on uncoated and rGO-coated substrates
immobilized with N-cadherin. The times are in minutes: seconds. Scalebar represents 5 um. (d)
Comparison of mean advection velocities in neurites (n > 45 neurites per group). The box plots
show the 25th, 50th, and 75th percentiles, and the whiskers show the minimum and maximum.
*represents a p-value < 0.05 as determined by the Wilcoxon rank-sum test.
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