





Figure 3 — Pluripotent cells isolated from teratocarcinomas generated from transplanted
ESCMNSs can be differentiated into MNs in vitro
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Abstract

Neural prostheses can restore meaningful function to paralyzed muscles by electrically
stimulating innervating motor axons but fail when muscles are completely denervated, as seen
after ALS or peripheral nerve and spinal cord injuries. Here we show that channelrhodopsin-2
can be expressed within the sarcolemma and T-tubules of skeletal muscle fibres in transgenic
mice. This expression pattern allows for optical control of muscle contraction with comparable
forces to nerve stimulation. Force can be controlled by varying light pulse intensity, pulse
duration, or pulse frequency. Light-stimulated muscle fibres depolarize proportionally to light
intensity and duration. Denervated triceps surae muscles transcutaneously stimulated optically
on a daily basis for 10 days show a significant attenuation in atrophy resulting in significantly
greater contractile forces compared to chronically denervated muscles. Together, this study
shows that channelrhodopsin-2/H134R can be used to restore function to permanently
denervated muscles and reduce pathophysiological changes associated with denervation
pathologies.
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Introduction

Spinal cord injuries (SCls) and peripheral nerve injuries, such as a brachial plexus avulsion,
cause severe motor deficits that ultimately impact the physical, psychological, and social well-
being of those affected. Restoring meaningful function to specific muscle groups, such as those
controlling hand grip, can increase independence and improve overall quality of life'.
Restoration of function to paralyzed hand muscles has been achieved by combining functional
electrical stimulation (FES) with neural prostheses by electrically stimulating the innervating
motor nerve®®. Neural prostheses do not function if the targeted muscles are completely
denervated. Unfortunately, SCls and peripheral nerve injuries often result in complete and
permanent muscle denervation because their associated motor neurons either died from the
injury® or fail to restore innervation in time. The only means to restore function to permanently
denervated muscles is through cell replacement therapy (i.e. motor neuron transplantations) or

by a different form of exogenous activation.

Motor neurons derived from embryonic ventral cord cells®, embryonic stem (ES) cells®, or
induced pluripotent stem (iPS) cells” have been transplanted into the peripheral nerve
environment near the motor nerve entry point of completely denervated muscles. In all cases,
transplanted motor neurons restored some motor functions by reinnervating muscle fibres.
Furthermore, when electrically stimulated, the transplanted neurons evoked appreciable force
contractions (up to 50% of control values). Recently, Bryson and colleagues® extended on these
studies by generating genetically modified ES cell-derived motor neurons expressing the light-
sensitive ion channel, channelrhodopsin-2 (ChR2)°. Optical stimulation of the transplanted

ChR2 motor neurons generated contractile forces equal to 12% of control values®.
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Studies such as these support the development of strategies to restore function to denervated
muscles by combining FES technology with the transplantation of motor neurons derived from
pluripotent cells. However, two portentous issues preclude introducing this technology clinically.
First, several studies reviewed by Knoepfler have shown that teratomas can form from residual
pluripotent cells in the transplanted population even when directed to differentiate prior to
transplantation'. Second, it is well established that transected nerves and denervated muscles
become refractory to growth and reinnervation over time'''®. Thus, unless motor neurons are
grafted shortly after an irreversible denervation injury, functional motor recovery will likely

remain poor.

To evade these issues we tested whether direct expression of ChR2 in skeletal muscle enables
efficient optical control of muscle force and function and whether denervated muscles can be
chronically activated after complete nerve transection. Optical control of muscle contraction
could be achieved with an off-the-shelf blue LED by varying light pulse intensity, pulse duration
and pulse frequency and generated comparable forces to neural-evoked contractions.
Intracellular potentials were investigated to determine the properties of ChR2-induced
depolarizations with and without action potential propagation along the sarcolemma. Muscle
fibre depolarization by ChR2 activation is function of light intensity and duration. In the presence
of myosin inhibitors, a single action potential was generated upon ChR2 activation followed by a
rebound and plateau. Finally, after daily optical stimulation of denervated muscle, muscle fibre
atrophy was attenuated and contractile force partially spared. Our proof of principle study
demonstrates the capacity for fine optical control of functional muscle contraction and sparing of

muscle atrophy after denervation.
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Materials And Methods

Mouse Strain

ot mice, described elsewhere®, were crossed with Ai32 mice obtained from Jackson

Sim
Laboratory (strain B6; 129S-Gt(ROSA)26Sor™**(AG-COPEHISSREYFRIRze 1y | stock number 012569) to
generate Sim1-Ai32 mice. These mice express a modified ChR2/EYFP fusion protein where the
opsin protein harbors a gain-of-function H134R substitution permitting to generate larger

photocurrents'® under blue light (450-490 nm) stimulation. Sim71**

animals were genotyped
with primers targeting the Cre-recombinase sequence®. ChR2 animals were genotyped with the
following primers (5’ to 3’): forward ACA TGG TCC TGC TGG AGT TC, reverse GGC ATT AAA

GCA GCG TAT CC.

In-Vitro Soleus Muscle Isometric Tension

Adult female Sim1-Ai32 mice were used throughout this study. All procedures were approved by
the ethics committee at Dalhousie University and followed the Canadian Tri-Council guidelines
for laboratory animals. Under isoflurane anesthesia, animals were euthanized by cervical
dislocation and the left soleus muscle (n = 5) was quickly dissected out in ice-cold oxygenated
(5% CO2/95% O,) Tyrode’s solution (125 mM NaCl, 24 mM NaHCO;, 5.37 mM KCI, 1 mM
MgCl,, 1.8 mM CaCl, and 5% dextrose) before transferring to a Sylgard-coated (Dow Corning)
recording chamber perfused with oxygenated Tyrode’s solution at room temperature. The distal
tendon was attached to a force transducer (FT03, Grass Technologies) with a silk tie to
measure isometric contraction. A glass suction electrode (BF120-90-10, WPI) was used to
deliver electrical stimulation to the nerve via an S88 stimulator (Grass Technologies). The
stimulus was isolated from ground by a stimulus isolation unit (PSU6, Grass Technologies)

delivering a monophasic supramaximal stimulus, defined as 1.5 times the stimulus for maximal
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twitch force (~100uA), with a pulse duration of 0.2 ms. EMG was recorded with a polyethylene
suction electrode (PE-190, Clay Adams) positioned on the soleus muscle belly. EMGs were
amplified with a 10x pre-amplifier (4001 differential headstage, Dagan Corporation) and further
10x amplified and bandwidth filtered between of 3Hz and 3kHz (EX4-400, Dagan Corporation).
EMG amplitude was measured as the maximum excursion between the positive and negative
phases of the waveform (as defined by isoelectric crossings) while EMG duration was quantified
as the time between the onset and offset of the first and second phase of the EMG potential.
Force and EMG responses were acquired at 10kHz using a Digidata 1322A A/D board (Axon
Instruments) and Axoscope 9.2 software (Axon Instruments). Optical stimulation was performed
with a blue (470 nm) Rebel Star O Drop-in LED from Luxeon Star (Quadica Development Inc.)
positioned 1 cm above the muscle. The LED current was controlled with an AC/DC converter
connected to a solid-state relay triggered with a S88 stimulator (Grass Technologies). The LED
irradiance was measure with a photodetector amplifier (PDA1, World Precision Instrument)
connected to a silicone planar photodiode (VISD, Word Precision Instruments) positioned at

1cm distance from the light source.

Drug Treatments

Muscle contractions were determined in the presence of the following drugs: 10yM d-
tubocurarine (Sigma), 500 nM tetrodotoxin (Abcam), 1 yM p-conotoxin (Alomone Labs), 50 yM

N-benzyl-p-toluene sulphonamide (BTS; Tocris Bioscience) and 10 yM blebbistatin (Sigma).

Intracellular Myofibre Electrophysiology

Intracellular muscle fibre recordings were performed in well-oxygenated Tyrode’s solution with
the above drugs to block contraction (n = 10 for y-conotoxin, n = 12 for BTS and blebbistatin).

Nerve and light evoked potentials were generated as described above. Sharp glass electrodes
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(BF100-50-10; World Precision Instruments) with resistances between 20 and 40 MQ were filled
with 3M KCI and connected to an intracellular amplifier (Duo 773 Electrometer, World Precision
Instruments). Signals were amplified and bandpass filtered between 1 Hz to 10 kHz and
digitized as described above. Recordings were discarded if the initial membrane resting

potential (-65 to -90 mV) changed by more than 10% of its original value.

Soleus Muscle Immunofluorescence And Imaging

Soleus muscles were isolated, pinning on cork, embedded in OCT (VWR) and flash frozen in
dry ice-cooled isopentane (Sigma). For immunofluorescence, 20um muscle sections were cut
on a cryostat (Leica) and mounted on microscope slides. Slides were fixed for 20 min in 4%
paraformaldehyde and washed in PBS prior to incubation with antibodies in 0.3% Triton-X
(Sigma) in PBS plus 10% goat serum. Incubation with primary antibodies was performed
overnight whereas secondary antibody incubation was done over 2 hours. Antibodies consisted
of: rabbit anti-GFP IgG (Molecular Probes, 1:1000), mouse anti-dihydropyridine receptor a2-
subunit (Sigma, 1:500) goat anti-rabbit IgG conjugated to Alexa Fluor 488 (Invitrogen, 1:500)
and goat anti-mouse conjugated to Alexa Fluor 546 (Invitrogen, 1:500). Slides were mounted
with fluoromount-G (SouthernBiotech). For sarcolemma and T-tubule labeling, soleus muscles
were isolated after trans-cardiac perfusion with 4% paraformaldehyde and post fixed for 2 hours
at 4°C, subsequently washed in PBS and incubated for one week in a 1 mg/ml Dil solution
(Molecular Probes) in PBS at 4°C*’. Stained muscles were washed with PBS, flash frozen and
sectioned as described above. Images were acquired with a Zeiss LSM 710 confocal scanning

microscope equipped with Zen 2009 software (Zeiss).

Hindlimb Denervation And Stimulation
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Sim1-Ai32 mice were anesthetised with isoflurane and the right sciatic nerve was transected
under aseptic conditions. Both proximal and distal ends of the sciatic nerve stump were ligated
with 4-0 sutures to prevent regeneration. Hair was removed from the hindlimbs using standard
mouse shears. The triceps surae muscles were stimulated transcutaneously using a blue

(470 nm) Rebel Star LED positioned immediately above the dorsal shank. The mice were
randomized into a stimulated (n = 4) and non-stimulated group (n = 3). The contralateral side
served as a non-operated control group. Light pulse stimulation began immediately after the
sciatic nerve was transected. The daily stimulation protocol consisted of 5 ms light pulse at

20 Hz for 500 ms every 6 seconds for 1 hour (a total of 600 tetanic contractions per day), a
protocol shown to increase muscle force and weight of denervated rat muscle®. At regular
intervals, the mice were anaesthetized with isoflurane, the right ankle and knee stabilized and
the foot connected to a FT03 force transducer to measure torque at the ankle, generated by a

5 ms light pulse (2.6 mW mm™). After 10 days of daily stimulation, the mice were anaesthetized,
the knee firmly fixed in place with a stereotactic frame (Kopf), and the calcaneus was connected
to a force transducer to record light activated contractions. Great care was taken not to disturb
the blood supply to the tricep surae muscles. After force recordings, the MG muscles were
excised and flash frozen as per above. Cross-sections (10 ym) were cut from the mid region of
the muscle before staining with hematoxylin and eosin (Sigma). Whole muscle and individual

myofibre cross sectional areas were quantified using Image J (NIH).

Statistical Analysis

Statistics were performed with Prism5 (GraphPad). Student t-tests were done when comparing
between only two groups, otherwise one-way ANOVA was performed for multiple groups

followed by Dunnett’s post-test with p-value significance set at 0.05.
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Results

To address these issues, we bred mice expressing Cre recombinase under the control of Sim1
regulatory sequences with mice harboring a loxP-flanked STOP cassette preventing the
transcription of a downstream ChR2(H134R)-EYFP fusion gene (known as Ai32 mice). Sim1 is
highly expressed in skeletal muscle early in development'*, while the ChR2/EYFP fusion protein

harbors a gain of function mutation (H134R)"® in the ChR2 protein allowing larger currents'>'®,

greater light sensitivity and less desensitization'>"”.

We first set out to ascertain the cellular localization of the ChR2/EYFP fusion protein in
individual myofibres by immunelabelling soleus muscle cross-sections, taken from young Sim1-
Ai32 mice, for enhanced yellow fluorescent protein (EYFP). Confocal microscopy showed EYFP
fluorescence was concentrated at the sarcolemma of each muscle fibre (Figure 1a; left panel).
Closer examination showed fainter EYFP immunolabelling of honeycomb structures (Figure 1a;
middle panel) resembling T-tubules within individual muscle fibres (Figure 1a; schematic). To
ascertain whether ChR2-EYFP was localized to the T-tubule network, we labelled all plasma
membrane associated structures with the lipophilic carbocyanine dye 1,1-dioctadecyl-3,3,3,3-
tetramethylinocarbocyanine perchlorate (Dil)'®. Localization of EYFP and Dil along the
sarcolemma and T-tubules was identified in longitudinal sections of soleus myofibres (Figure 1b,
middle panel). Further confirmation of EYFP localization to the T-tubules was confirmed with co-
localization with dihydropyridine calcium channels (Figure 1b, lower panel). Taken together,
these results indicate that ChR2 is distributed throughout structures associated with muscle

depolarization and excitation-contraction (EC) coupling.

To ascertain whether muscles with this pattern of ChR2 expression contract when illuminated

with light, we anesthetized Sim1-Ai32 mice and pulsed the triceps surae muscles through the
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skin with blue light generated by a light-emitting diode (LED; 470 nm, 2.6 mW mm, 50 ms light
pulse duration) positioned immediately above the dorsal shank musculature (Figure 2a; top left
panel). The time-lapse images show a typical example where the illuminated muscles
contracted producing an ankle extensor response < 66 ms after the LED was turned on
(Supplementary Movie 1). To quantitatively measure contractile responses initiated by light we
conducted soleus muscle force recordings ex vivo using the same LED and compared those
values with forces evoked by neural stimulation using a nerve suction electrode. Twitch forces
progressively increased in response to increasing light intensities (Figure 2b, 2b’) resulting in
values best fitted to a four parameter logistic curve (for 1 ms pulses; r*= 0.991 with an EC50 =
1.94 mW mm, for 5 ms pulses r* = 0.996 with an EC50 = 0.529 mW mm™). While greater
forces were produced using 5 ms light pulses (Figure 2b”), we found force gradations were
better controlled using 1 ms pulses, particularly for values < 20 mN (Figs. 2b, 2b’). Interestingly,
a single 1 ms light pulse of 2.6 mW mm™ produced similar twitch force as stimulating the nerve
with a single electrical pulse (Figure 2b”) indicating that, under these conditions, optical
stimulation can be as efficient as neural stimulation. Twitches evoked by 5 ms light pulses, on
the other hand, were stronger than those produced by neural stimulation (Figure 2b”). This latter
result suggests that contractile force can be graded by varying light pulse duration as well as
light intensity. To examine this in more detail, we illuminated the soleus muscle with light pulses
(2.6 mW mm™) varying in duration from 0.2 to 1000 ms. Remarkably, not only did contractile
responses increase with longer pulse durations, there was no evidence of sag while the light
was on (Figure 2c). Twitch force values evoked with light pulses ranging from 0.2 to 10 ms were
well fitted to a four parameter logistic curve (r* = 0.99 with an EC50 = 0.84 ms; Figure 2¢’) while
the forces plateaued with pulses ranging from 10 and 100 ms before increasing further with light

pulses exceeding 100 ms (Figure 2¢”).

71



In mammals, contractile force is normally graded by recruiting progressively larger motor units'®
and by modulating their firing frequency®. To ascertain whether stimulating muscles with
varying frequencies of light pulses can similarly grade force we illuminated the soleus muscle
with 1 and 5 ms light pulses (2.6 mW mm™) at 5 to 50 Hz for 500 ms. We then compared these
values with those evoked by electrical nerve stimulation at the same frequencies. We found that
tetanized force can be graded by varying the frequency of optical stimulation and that neural
and optical stimulation generated comparable forces (Figure 2d). Taken together, these results
show that finely controlled light pulses efficiently produce contractile forces that can be graded
by 1) increasing light intensity, 2) changing light pulse duration, and 3) flashing light at varying

frequencies.

In order to elucidate how light pulses induce EC coupling in Sim1-Ai32 skeletal muscle fibres we
compared contractile forces elicited upon nerve stimulation with those induced by optical
stimulation (2.6 mW mm™, 5 ms pulse) while sequentially applying d-tubocurarine (curare;

10 yM) and tetrodotoxin (TTX; 500 nM) to soleus muscle/nerve preparations (Figure 3a). As
expected, nerve stimulation failed to induce contractions shortly after bath application of curare
because of acetylcholine receptors (AChRs) blockade at the NMJs (Figure 3a, 32a’). In contrast,
contractions induced by light pulses were not attenuated by curare indicating that ChR2
activation induces EC coupling downstream of synaptic transmission. Interestingly, light pulse
induced contractions were reduced by 97% when TTX was added to the bath (Figure 3a & 3a’).
These results suggest that light stimulation activates voltage-sensitive sodium channels causing
action potentials to be generated within the sarcolemma and/or t-tubules prior to activating the
release of Ca®* from the sarcoplasmic reticulum. However, because some force was still
produced by light pulses in the presence of TTX (Figure 3a’; 1 mN, or 3% of initial force) these

results also indicate that ChR2 activation alone can cause contraction. This likely occurs
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because the ChR2 current is either large enough to initiate the release of some Ca®* from the

sarcoplasmic reticulum or because Ca®* entered the cell through the channel itself®.

To examine electrical properties of optically stimulated muscles (2.6 mW mm¥, 5 ms pulses),
we recorded electromyogram (EMG) activity using surface electrodes and compared the
magnitude and duration of the signal with those produced by maximum, single pulse nerve
stimulation (0.2 ms pulse width). Interestingly, the peak-to-peak amplitude of the EMGs
recorded from optically stimulated muscles was significantly less than those measured after
nerve stimulation (Figure 3b, 3b’). Because EMG amplitude is proportional to the number of

synchronously active muscle fibres®"*

, one could conclude that optical stimulation depolarizes
fewer myofibres than nerve stimulation. However, we also noticed that the duration of the EMGs
measured from optically stimulated muscles was significantly longer than those evoked by nerve
stimulation (Figure 3b, 3b”). EMG amplitude wanes if myofibres depolarize asynchronously
because the positive voltage from one fibre occurs together with the negative voltage of
another®®. Thus, in contrast to nerve stimulation, where muscle fibres depolarize relatively
synchronously, optical stimulation depolarizes myofibres closest to the light first resulting in
asynchronous activation and leading to smaller, but longer lasting EMG signals. In addition, we
also noted a second deflection in the EMG when the muscles were light activated with pulses =
5 ms (Figure 3b, asterisk). This second deflection has the same time course as the second
depolarization recorded from single muscle fibres during a 5 ms light pulse (Figure 3e). This

second depolarization may account for the second deflection in the EMG and, if so, prolongs its

duration.

To examine electrical properties of individual myofibres we used intracellular electrodes to
record muscle potentials in response to nerve and optical stimulations. To prevent muscle

contraction, 1 uM p-conotoxin GllIB (a muscle specific voltage-gated Na,1.4 channel blocker)
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was added to the perfusion. Under these conditions, nerve stimulation produced large end-plate
potentials (EPPs) that were similar in amplitude (~18 mV; Figure 3c, 3¢’ shaded area). In
contrast, optical stimulation (5 ms light pulses) produced graded muscle potentials that
increased with light intensity (Figure 3c, 3c¢’). In addition, the rise and fall times of the potentials
were significantly slower than nerve-evoked EPPs (Figure 3c). Muscle depolarization could also
be graded by increasing the light pulse duration while maintaining light intensity at 1.0 mW mm™@
(Figure 3d, 3d’). Under these conditions, maximum depolarization occurred using 10 ms light
pulses. Pulses longer than 20 ms or intensities greater than 1.0 mW mm™ caused muscle
contractions (data not shown), presumably because the depolarizing current was large enough
to activate EC coupling. These persistent depolarizing currents could also account for the
sustained contractions observed when muscles were optically stimulated with long light pulses
(e.g. Figure 2c). Contraction was blocked by myosin inhibitors, 50 yuM BTS (N-benzyl-p-toluene
sulphonamide)® and 10 yM blebbistatin®*2®, applied simultaneously to the perfusion prior to
intracellular potential recording of neural and optical stimulations (Figure 3e). Optical stimulation
pulses longer than 1 ms consistently generated an action potential of identical amplitude to the
neural-induced action potential (Figure 3e’). As expected from the slower kinetics of ChR2, the
optically generated action potentials were 4 + 1 ms delayed after the neural-induced action
potentials. A second smaller depolarization was seen with stimuli greater than 1 ms and was
followed by a depolarization plateau with pulses = 20 ms duration until the light would be turned
off (Figure 3e”). Taking together, these results show that optical stimulation depolarizes
myofibres asynchronously, induces EC coupling downstream of AChR activation, can generate
a second depolarization following the initial action potential and can maintain prolong tetanic

contractions by sustaining persistent muscle depolarizing currents.
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To investigate whether channelrhodopsin expression in muscle could be used to restore
function to permanently denervated muscles, we cut and ligated the sciatic nerve in Sim1-Ai32
mice. One cohort of animals (designated stimulated) received daily transcutaneous light
stimulation (5 ms pulses at 20 Hz for 500 ms every 6 sec for one hour) to the triceps surae
muscles for 10 days, starting immediately after the nerve was transected®’. Another cohort was
not stimulated with light (designated non-stimulated). EMG recordings from denervated medial
gastrocnemius (MG) muscles in freely moving Sim1-A132 mice showed no signs of muscle
activation indicating that ambient light did not cause muscle contractions (data not shown). The
contralateral muscles served as unoperated controls. Mice were anesthetized at regular
intervals, starting immediately before nerve transection, in order to measure twitch force
produced at the ankle joint upon transcutaneous light stimulation (2.6 mW mm™ with a 5 ms
pulse width). Figure 4a shows average daily forces produced by the optically stimulated and
non-stimulated denervated muscles, recorded over a 10-day period. In both cases, force
produced at the ankle by the triceps surae muscles decreased significantly from pre-operative
levels. However, the attenuation in force was significantly less for muscles receiving daily optical
stimulation such that the force of optically stimulated muscles plateaued at ~70% pre-operative
levels while the non-stimulated muscles plateaued at ~40% (Figure 4a, 4b). Ten days after
nerve transection the MG muscles were isolated ex vivo and their tendons attached to a force
transducer. Light-activated contractions generated from the optically stimulated and non-
stimulated muscles were then compared to the contractile forces generated by optically
stimulating the contralateral control MG muscle. Figure 4c shows that, while the contractile force
of MG muscles receiving daily optical-stimulation was significantly less than control values
(~70%), they were also significantly stronger than non-stimulated muscles. This difference in
force was reflected in their wet weights (Figure 4d) and overall size (Figure 4e). The cross-

sectional areas of the optically stimulated muscles were significantly smaller than control
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muscles, but significantly larger than non-stimulated muscles (Figure 4f). As expected, non-
stimulated denervated MG myofibres were also significantly smaller than fibres in control and
optically stimulated muscles (Figure 4g, 4h) indicating that denervation atrophy was most
pronounced in this experimental group. Taken together, these results indicate that daily
transcutaneous light stimulation can significantly decrease the effects of denervation in muscles

expressing ChR2.

76



Discussion

In this study, we show that ChR2 is abundantly expressed within the sarcolemma and T-tubules
of skeletal muscle fibres in Sim1-Ai32 mice. This expression pattern allows for efficient control
of muscle contraction using light pulses from a 470 nm LED, where maximal force obtained by
optical stimulation was comparable to direct nerve stimulation. Furthermore, muscle force could
be graded in a controlled manner by increasing light pulse intensity, duration or by modulating
their frequency. Muscle fibres depolarized in a graded manner relative to light stimulation until
reaching action potential threshold and for longer pulse durations remained depolarized for the
duration of the light pulse. Although the gradation in force was likely due to an increase in the
number of muscle fibres activated and the contractile strength of each fibre, it is not the same as
neurally evoked activation in force, which normally occurs according to the size principle'®.
Finally we found that muscle fibre atrophy was significantly attenuated when the denervated
muscles were optically stimulated through the skin for one hour a day. This decrease in atrophy
resulted in significantly greater contractile forces compared to chronically denervated muscles.
Together, this proof of principle study shows that stimulation of ChR2 expressing myofibres with
light can restore function to denervated muscles and reduce pathophysiological changes
associated with injury. Furthermore, it extends on recent work by Sasse and colleagues®, who
showed optical control of cardiac muscle, as well as the reports by Delp and colleagues

illustrating muscle activation via optical stimulation of sciatic nerve®.

To date, restoration of function to paralyzed muscles typically involves electrical stimulation.
FES has been studied and used to restore function to upper and lower extremities, the
diaphragm, bladder and bowels®. Electrical impulses are typically applied to electrodes near, or
around, the peripheral nerve causing motor axon depolarization and muscle contraction. This

approach, however, is not useful if the target muscles are completely denervated, as occurs
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after SCIs®*®', motor neuron diseases such as ALS*, and severe peripheral nerve injuries®,
such as occurs after a brachial plexus avulsion. It is not useful because denervated muscles
require substantially more current to induce contractions compared to neural stimulation. High
currents promote a multitude of problems including electrode corrosion, tissue damage,

discomfort and unwanted stimulus spread to neighboring muscles®*.

To circumvent these issues, we®’ and others®®, restored innervation and function to denervated
muscles by transplanting embryonic motor neurons, or motor neurons derived from pluripotent
cells, into the peripheral nerve near the nerve-muscle entry point. Electrically stimulating the
transplanted neurons generated between 12-40% of the original contractile force. While
promising, this approach has many technical and biological obstacles that may ultimately
circumvent its use clinically. Foremost among these is the justifiable concern that teratoma will
form®. Although the risk of teratoma formation can be reduced experimentally by removing
unwanted pluripotent cells prior to transplantation using small molecules®, immunodepletion®’,
genetic selection®, or by introducing a cytotoxic antibody®, in practical terms it may be very
difficult to guarantee their complete absence to a regulatory agency. Furthermore, it is uncertain
whether progenitor or partially differentiated cells remaining in the transplant will someday

become a health risk to the transplant recipient during their life span.

Transplantation of motor neurons to restore muscle function after injury will likely occur only
after endogenous recovery is complete, a process that can take several months in humans®'.
This reality further obstructs the use of motor neuron transplantation because motor axon
regeneration and muscle fibre reinnervation is very poor when axotomy and/or muscle
denervation is prolonged'"'#*"*3 Thus, while restorative transplantation therapies using motor
neurons derived from pluripotent cells hold promise, practical limitations may ultimately hinder

clinical application of this technology.
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Restoration of muscle function by direct optical activation of myofibres abates risks of teratoma
formation and bypasses the need to restore function by regenerating axons through an
inhospitable environment. Skeletal muscles are amenable to different delivery mechanisms for
gene delivery such as viral transduction. Indeed, gene transfer into adult muscle has recently
been shown to express the ChR2/H134R resulting in functional muscle contraction under light
stimulation**. While our study is largely a proof of principle using transgenic animals, it is
possible that, in combination with gene transfer technology, this strategy may become clinically
useful for restoring function to specific muscles permanently denervated by injury or disease.
However, the success of this strategy will be highly dependent on viral delivery method,
sustained expression of ChR2 in infected fibres and kinetics of engineered ChR2. Nonetheless,
restoring even a small amount of function will improve independence and have a profoundly
positive effect on the adverse psychological, social, and economic factors associated with

denervation injuries, ranging from peripheral nerve injuries® to SCls'.
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Figure Legends

Figure 1 — Chr2 Expression In Sim1-Ai32 Mouse Muscle Fibres

(a) Confocal image shows ChR2/YEFP fusion protein is highly expressed in sarcolemma (left
panel, scale 20um) and lightly expressed in honeycomb structures within individual myofibres
(middle panel, scale 5um). lllustration (right panel) shows key anatomical structures associated
with myofibres including the sarcolemma, myofibrils and T-tubules. (b) Confocal image of a
Sim1-Ai82 muscle fibre longitudinal section labelled with Dil (top panel, scale 10um) or DHP
calcium channels (bottom panel, scale 10um) to show all membrane associated structures
including T-tubules. Dil and DHP calcium channel staining both co-localize with the EYFP/ChR2

fusion protein indicating that ChR2 is expressed in the sarcolemma and T-tubule network.

Figure 2 — Optical Stimulation Can Modulate Force By Varying Light Intensity, Light

Duration And Light Pulse Frequency

(a) Hindlimb muscle contraction induced by blue light emitted from an LED positioned 1cm
away. Images represent five serial frames, 33, 66, 99 and 132 ms after the onset of a 50 ms
light pulse. (b) Example of force gradations obtained by incrementally increasing light intensity
using a 1 or 5 ms pulse of light. (b’) Quantification of force at different light intensities using a 1
or 5 ms pulse of light (2.6 mW mm™). (b”) A 1 ms light pulse, at 2.6 mW mm™, produces the
same force as nerve evoked twitch contraction while a 5 ms pulse at the same light intensity
produces significantly more force. (c) Force profiles generated while incrementally increasing
light pulse duration from 0.2 ms to 1 second. (¢’) Quantification of force generated using light
pulses (2.6 mW mm™) varying in duration from 0.2 to 10 ms. (¢”) Quantification of force

generated using light pulses (2.6 mW mm™) varying in duration from 0.2 to 1000 ms. Note that
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stimulus duration is plotted on a logarithmic scale. (d) Tetanized force can be graded by varying

the frequency of neural or optical stimulation. Bar graphs expressed as mean + SD. ** p < 0.01

Figure 3 — Muscle Properties During Light Induced Contractions

(a) Sequential bath application of curare (10 uM) and TTX (500 nM) to soleus muscles shows
that nerve evoked contractions were blocked by curare while contractions induced by 5 ms light
pulses were not. TTX, on the other hand, blocked light evoked contractions. There was partial
recover of light evoked force after a 20 minutes wash out. (a’) Quantification of nerve and light
evoked force, before and after bath application of curare and TTX. While light evoked
contractions were dramatically attenuated in the presence of TTX, they remained minimally
present despite TTX. (b) Examples of EMGs evoked through nerve stimulation (gray trace) or
with a 2.6 mW mm™, 5 ms light pulse (black trace). The asterisk represents a second
depolarization after light stimulation. (b’) Quantification of EMG amplitude and duration (b”)
using nerve stimulation or a 2.6 mW mm™, 5 ms light pulse. Note that light stimulation produces
EMGs that are smaller in amplitude, but longer in duration, compared to nerve stimulation. (c)
Examples of muscle potentials recorded from soleus myofibres using nerve stimulation (gray
trace) or by increasing the light intensity (5 ms pulse, black traces). (¢’) Quantification of EPP
amplitude at increasing optically intensities. Shaded area shows the range in EPPs recorded at
the NMJ upon nerve stimulation. (d) Examples of muscle potentials recorded from myofibres
using light pulses of varying lengths (1.0 mMW mm light intensity). (d’) Quantification of light
evoked muscle potentials recorded at varying light pulse durations. (e) Quantification of light
evoked muscle potentials under myosin inhibitors with varying pulse durations. Arrows
represent stimulus artifact from LED turning on and off which merges with the depolarization at
5 and 10 ms. Optically evoked depolarizations compared to neural-evoked potentials. Bars and

symbols are expressed as mean + SD. * p < 0.05, ™* p < 0.001, *™* p < 0.0001
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Figure 4 — Daily, Transcutaneous Light Stimulation Attenuates Denervation Atrophy Of

Completely Denervated Muscles And Improved Contractile Force

(a) Average forces produced by optically stimulated and non-stimulated, denervated muscles
recorded over 10 days following sciatic nerve transection. (b) Average twitch force recorded
from contralateral (control), non-stimulated and optically stimulated triceps surae muscles 10
days after nerve transection. (c) Average light induced twitch force and (d) weight wet of control,
non-stimulated and optically stimulated MG muscles 10 days after nerve transection. (e) Whole
muscle cross-sections of control, non-stimulated and optically stimulated MG muscles stained
for H&E. (f) Mean muscle cross-sectional areas of the three muscle groups. (g) Frequency
histograms comparing the cross-sectional area of myofibres in control, non-stimulated, and
optically stimulated MG muscles. (h) Cumulative frequency showing the shift to smaller muscle
fibres in the non-stimulated muscles compared to optically stimulated and control muscles.

*p<0.05, "™ p<0.01,"* p <0.001. Scale barine =1 mm.

Supplemental Movie 1 — Transcutaneous Optical Activation Of Muscle Contraction

See appendix one.
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Figure 1 — ChR2 expression in Sim1-Ai32 mouse muscle fibres
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Abstract

During the formation of spinal cord locomotor circuit, embryonic neurons are spontaneously
active. Early on, this spontaneous activity is dependent on cholinergic transmission possibly
originating from motoneurons. Motoneurons can be generated from embryonic stem cells and
transplanted in the tibial nerve to study innervation properties outside of the spinal cord. Here,
we studied the spontaneous neuronal activity occurring from transplanted embryonic stem cell
derived motoneurons disconnected from the spinal cord. Embryonic stem cell-derived
motoneurons were transplanted into the tibial nerve after denervation by nerve transection.
Three months later, the medial gastrocnemius force was studied ex vivo. Spontaneous and
evoked muscle contractions were subjected to neurotransmitter blockers to elucidate the
network connections. Half of transplants spontaneously generated rhythmic muscle
contractions. The generated activity was variable between transplants; some demonstrating
spontaneous contractions while others had burst of contractions only if electrically evoked.
Activity was dependent on glutamate transmission, and was modulated by GABAergic,
glycinergic and muscarinic cholinergic inputs demonstrating the presence of interneurons
involved in this self-assembled circuit. Self-assembly of a spontaneously active circuit from
transplanted embryonic stem cell-derived motoneurons emphasizes the intrinsic nature of
neurons to form synaptic connections in order to integrate within a neuronal network.
Spontaneous activity may be essential for the proper development of embryonic motoneurons
and may be unavoidable. These findings demonstrate the necessity to further our understanding
of neuronal subtypes generated from stem cell neural differentiation and the influent factors
affecting synaptogenesis among transplanted neurons.
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Introduction

Spontaneous activity of neurons during embryogenesis is important for the development of
complex neural circuits (Kirkby et al., 2013). Such activity plays a role in synapse development
as well as axon path-finding (Gomez and Spitzer, 1999; Hanson and Landmesser, 2004). In the
spinal cord, release of acetylcholine from developing MNs has been shown to be crucial for the
development of locomotor networks early in embryogenesis, as mutants lacking the ability to
synthesise this transmitter in MNs develop abnormal coordination associated with long bursts
(Myers et al., 2005). This is a transient requirement, as later in development eliminating
cholinergic neurotransmission has little effect (Myers et al., 2005) and interneuronal
glutamatergic and glycine/GABA transmission play increasing roles in the bursting behaviour
(Rosato-Siri et al., 2004). Thus through development, various neuronal populations and various
transmitter phenotypes play different roles in spontaneous bursting activity at different time

points in development, and this activity is essential for the development of circuits.

Motoneurons can be derived from embryonic stem cells through exogenous application of
signalling factors present in the ventral spinal cord during development (Wichterle et al., 2002).
Although this results in enrichment of MNs in these cultures (Wichterle et al., 2002; Miles et al.,
2004), other neuronal types also develop (Wichterle et al., 2002; Deshpande et al., 2006). Some
of these neurons express markers associated with either excitatory or inhibitory ventral spinal
interneuronal types (Deshpande et al., 2006), such as VO and V2 interneurons. Given that
primary neuronal cultures have been shown to be spontaneously active and self-assemble into
active networks in vitro (Streit et al., 2001; Van Pelt et al., 2004; Arnold et al., 2005), it may be
that these ES cell derived neurons could also do so. Knowledge of whether these other types of

neurons are active in these cultures and whether they form microcircuits will lead to an
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understanding of spinal circuit formation and potentially the role of such circuits in transplant

efficacy (Yohn et al., 2008).

Following transplantation of ESCMNs into transected nerves of mice, MNs survive and
functionally innervate muscle (Yohn et al., 2008). Given the importance of spontaneous activity
in normal development, we asked whether there is evidence of network formation and
spontaneous activity in transplanted ESCMN. We therefore studied spontaneous network
activity in these transplants, which are isolated from the central nervous system. We found
spontaneous and evoked rhythmic activity causing rhythmic muscle contractions. This activity
was glutamate-dependent, suggesting formation of circuits with excitatory interneurons. Circuit
function was modulated by acetylcholine and GABA/glycine. Thus, self-organized circuitry forms

after transplantation and is capable of driving rhythmic muscle contraction.
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Methods

Embryonic Stem Cell Derived Motoneurons

Generation of embryonic stem cell derived MNs has been previously described (Wichterle et al.,
2002; Miles et al., 2004; Yohn et al., 2008). In summary, HBGB6 stem cells expression GFP
under the motoneuronal promoter Hb9 were maintained as undifferentiated colonies over
mitomycin-treated primary mouse embryonic fibroblasts in stem cell media. Stem cells were
agglomerated as embryonic bodies before differentiation with smoothen agonist (500 nM, Enzo)
and retinoic acid (1 yM, Sigma) for 5 days. The presence of MNs was confirmed by the

expression of GFP and on average composed 20% of the cell population.

ESCMN Transplantation

All procedures were performed in accordance with protocols approved by the Dalhousie
University Animal Care Committee, and conformed to the standards of the Canadian Council of
Animal Care. Details of the ESCMN dissociation and transplantation can be found in a previous
publication (Yohn et al., 2008; Magown et al., pending). In summary, embryonic bodies were
treated with 1 yg/ml mitomycin C (except for immediate transplants) for 2 hours and washed
prior to being enzymatically dissociated with Tryple-express (Gibco) with 0.01% (w/v) DNasel
(Sigma-Aldrich). The cell suspension was resuspended at 10° cells per 10 pL of DFK10 with 10

ug/ml GDNF (Milipore), 20 pg/ml CNTF (Chemicon) and 0.01% DNasel (Sigma-Aldrich).

Transplantation was performed in 5 week-old mice either immediately after nerve transection or
after a delay of 1, 2 or 4 weeks post transection as previously described (Magown et al.,
pending). Briefly, the tibial nerve was exposed via a lateral thigh approach and transected

proximal to the branching of the nerve to the medial gastrocnemius (MG). The proximal tibial
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nerve stump was ligated and buried into the adjacent muscle to prevent reinnervation. Ten

thousand cells in 0.1 puL were transplanted in the distal tibial nerve with a glass pipette.

In Vitro Electrophysiological Recordings

The MG muscle and the transplanted tibial nerve were harvested 3 months post transplantation
and maintained in an in vitro chamber circulating oxygenated mouse Tyrode at room
temperature (Yohn et al., 2008). Stimulation to evoke bursting activity was provided to the MG
nerve with a polyethelene suction electrode via a square pulse stimulator (S88, Grass
Technologies) and a stimulus isolation unit (PSIU6, Grass Technologies). Stimulation was 1.5x
the maximal stimulus threshold (usually around 10 V, 100 pA) with a duration of 0.2 ms,
provided as either 3 pulses at 5 Hz or 25 pulses at 50 Hz. The minimal number of pulses to elicit
bursting activity was used. Forces were measured with a force transducer (FT03, Grass
Technologies) connected to an AC/DC strain gage amplifier (P122, Grass Technologies).

Signals were recorded via a Digidata 1320A, using Axoscope 9.2 software (Molecular Devices).

The following drugs were used: CNQX 10 yM (disodium salt hydrate, #115066-14-3, Sigma),
APV 100 uM (#76326-31-3, Sigma), bicuculline 10 uM (#485-49-4, Sigma), strychnine
hydrochloride 1 uM (#1421-86-9, Sigma), atropine 10 uM (51-58-8, Sigma), NMDA 5 uM
(#6384-92-5, Sigma), serotonin hydrochloride (5-HT) 10 yM (#153-98-0, Sigma) and dopamine
hydrochloride 50 yM (#62-31-7, Sigma). All drugs were added as a concentrated stock to the

circulating Tyrode solution to give the final concentrations indicated.

Statistical Analysis

Statistical analysis was performed before and after drug infusion on each animal individually.
Because of the high variability of responses between animals, results were not combined for

analysis. A false discovery rate (Q) of 1% was considered as the limit for discovery. For each
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animal, effects from infused drug compared to baseline were tested for significance with an
unpaired t-test with Mann-Whitney correction. Bar graphs represent means + standard

deviations. Statistics were performed with Prism6 (GraphPad).
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Results

Motoneurons derived from embryonic stem cells were transplanted into the tibial nerve either
acutely after transection or after a denervation period of up to four weeks and MG forces were
recorded ex vivo three months after transplantation (Yohn et al., 2008). Out of 24 transplanted
mice (the same mice as reported in Magown et al., pending), 17 demonstrated contraction of
the MG upon electrical stimulation of the transplant site, indicating functional engraftment. Of
these 17 mice, nine (53%) had rhythmic contractions, six of which were spontaneously rhythmic
in the absence of electrical stimulation (Movie 1), and three of which had bursts of contractions
evoked by either a single electrical pulse or a short train of pulses (Figure 1A). Cutting the tibial
nerve distal to the transplant resulted in complete ablation of rhythmic contractions in all 9 mice.
Therefore, transplantation of ESCMNSs led to spontaneous or evoked rhythmic muscle

contractions.

We next investigated the role of glutamatergic transmission in the spontaneous contractions.
The addition of the glutamate receptor blockers, CNQX and APV to the preparations with
evoked bursting prevented further stimulus-evoked bursting (n = 2; Figure 1A). In transplants
with spontaneous activity, glutamate blockade significantly reduced the force amplitude (to 28%
and 63% of baseline, p < 0.05) and doubled the mean instantaneous frequency of contractions
(n =2; Figure 1B, C). This suggests that fewer MNs were active, and that activity between
individual MNs was less coordinated. Autocorrelation following glutamate blockade revealed a
fast rhythm but of low correlation (Figure 1D). Force histogram showed a range of forces with
very few small events before the application of glutamate transmission blockade (Figure 1E).
These data indicate that blocking glutamatergic transmission disrupted an intrinsic circuit,
resulting in a reduction of motor output, incoordination of MN firing and an increase in

spontaneous event frequency. Thus, glutamatergic inputs were driving ESCMN activity.
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We next asked whether GABAergic and glycinergic inputs to ESCMNs played a role in
rhythmicity. In one of two transplants that were spontaneously active, there was a transient
response, with an increase in force (Figure 1F-H). After 30 minutes without washout, forces
returned to baseline (denoted “late” on Figure 1G). No further effect was seen on washout.
While there was no change in frequency of the bursts, the activity became more organized over
time, as demonstrated by autocorrelation analysis (Figure 11). Thus, GABA/glycine
neurotransmission, which may have contributed to the amplitudes of the burst, led to

desynchronization of MN activity.

We next focused on the effect of cholinergic transmission, given the known role of cholinergic
activity in the generation of spontaneous activity in embryonic spinal cords (Wenner and
O'donovan, 2001; Myers et al., 2005; Czarnecki et al., 2014; Gonzalez-Islas et al., 2015). As
nicotinic blockade would block muscle contraction, we studied muscarinic responses (n = 3).
Addition of atropine resulted in a prolongation of the episodes of stimulus-evoked bursting
(Figure 2A, B, n = 1). Event amplitudes progressively increased towards the end of the burst. In
transplants with spontaneous activity (n = 2), the time interval between episodes decreased
after atropine application (Figure 2E all events). Furthermore, a background activity of low
amplitude events (2.7 + 0.5 mN at 2.8 Hz) could be identified among large amplitude events
(17.8 £ 6.6 mN at 0.05 Hz; Figure 2C, D). Large amplitude events were thus defined as those
with a force greater than 6 mN whereas small events had forces lower than 6 mN. While
atropine had no effect on the overall forces produced (of either small or large amplitude events,
Figure 2G), the inter-event intervals of small events increased while those of large events
decreased (Figure 2E). The frequency histogram of event forces demonstrates that the majority

of events were of small amplitude but these decreased in frequency after atropine to be
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replaced by larger events (Figure 2H). Muscarinic blockade did not increase the event amplitude
above twitch force (24.36 mN), which would have required summation of contractions. These
findings are similar to the effects of atropine on spontaneous activity of cortical neurons in
culture (Hammond et al., 2013), and indicate that in our transplant-generated networks, blocking
muscarinic receptors resulted in an increased number of episodes, a slowing of spontaneous

activity within each episode, and a synchronization of firing among MNs.

As the small amplitude events likely represent desynchronized MN activity, we next focused on
the effects of muscarinic receptors on these events in isolation. To do so, we added atropine
after blocking glutamate (and GABA/glycine) transmission. Following atropine application,
residual small amplitude muscle contractions remained, but there was a slowing of event
frequency (Figure 2I-K) without effect on force amplitude. Taken together, these results suggest
that muscarinic receptors contribute to MN excitability, and this may have modulated the overall
bursting activity seen. Whether the source of the acetylcholine was motor axon collaterals or

cholinergic interneurons (Miles et al., 2004) is not clear.

Given the above evidence of circuit formation, we asked whether transplanted ESCMNs could
sustain rhythmic contractions by adding the neurochemicals that induce locomotor-like
rhythmicity in the mouse spinal cord: NMDA, 5-HT and DA (Jiang et al., 1999). The addition of
these neurochemicals did not transform the evoked bursting activity (n = 2) or spontaneous
bursting activity (n = 2) into sustained activity. However, evoked bursting episodes were
prolonged (Figure 3A, B) and in spontaneously bursting transplants, contraction forces,
instantaneous frequency and episode frequency were increased (Figure 3D-G). Autocorrelation
shows an oscillation of low amplitude under NMDA, 5-HT, and DA (Figure 3C) suggesting that

the neurotransmitters excited the neuronal network and not only the MNs. That is, addition of

101



NMDA, 5-HT, and DA resulted in an increase in rhythmic motor output, suggesting the

possibility that elements of a locomotor “central pattern generator” had formed.
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Discussion

We have shown that ESCMNSs transplanted into the transected tibial nerve after muscle
denervation generate a local neuronal circuit resulting in activity ranging from spontaneous
rhythmicity to stimulus-evoked bursting. These self-assembled networks are glutamate-
dependent and are modulated by GABAergic/glycinergic and cholinergic inputs. Addition of
neurochemicals that lead to locomotor activity in the spinal cord, NMDA, 5-HT and DA,
lengthens bursting episodes, and increases contraction forces and burst frequencies. But
sustained spontaneous rhythmic output was not produced. That is, addition to ES cells of
signaling factors that in the embryo lead to ventral spinal neuronal differentiation leads to a

variable degree of self-assembly of microcircuits.

Embryonic stem cell-derived neurons can be readily generated in vitro and several protocols
favor enrichment of selective neuronal subpopulations (Lee et al., 2000; Westmoreland et al.,
2001; Barberi et al., 2003; Peljto and Wichterle, 2011). But despite this enrichment, a wide
range of neuronal subtypes remains (Striibing et al., 1995; Lee et al., 2000; Barberi et al., 2003;
Bibel et al., 2004; Nakayama et al., 2004; Park et al., 2005). The MN differentiation protocol with
sonic hedgehog and retinoic acid (Wichterle et al., 2002) generates about 20 to 30% MNs as
well as different interneuron types: glutamatergic (10%), GABAergic (15%), and glycinergic (6%,
(Deshpande et al., 2006). Although the role of the ESCMNs in transplantation has been defined

(Yohn et al., 2008), activity of the interneuron types has not.

Embryonic stem cell-derived neurons have shown to integrate within a formed network either in
vitro in organotypic slices (Benninger et al., 2003), or in vivo (Lee et al., 2000; Wernig et al.,
2004; Ruschenschmidt et al., 2005). Yet, little is known about the generation of neuronal

networks among ES cell-derived neurons maintained in vitro or after transplantation.

103



Electrophysiological properties of ES cell-derived neurons have been investigated and shown to
be similar to their embryonic equivalents functionally and anatomically (Stribing et al., 1995;
Lee et al., 2000; Bibel et al., 2004; Miles et al., 2004; Nakayama et al., 2004; Toma et al., 2015).
In addition, a recent study has shown the presence of intrinsically active and pacemaker
neurons in in vitro networks formed from stem cell-derived neurons (llles et al., 2014). Such
activity may support the production of spontaneous network activity that closely resembles in
vivo activity, as shown in studies of hippocampal networks (Ban et al., 2007; Heikkila et al.,
2009). The degree to which such activity is seen in ESCMNs and the roles — positive or

negative — of such activity are not clear.

Embryonic Spontaneous Activity

Spontaneous activity is an essential component for the development of embryonic neural
networks (Marder and Rehm, 2005; Blankenship and Feller, 2009) and is involved in various
roles, including neurite outgrowth (Metzger et al., 1998), maturation of electrical properties (Xie
and Ziskind-Conhaim, 1995), and synaptogenesis and axon pathfinding (Hanson and

Landmesser, 2004; 2006; Hanson et al., 2008).

Different transmitter systems may have different effects during development. Early assembly of
spinal locomotor circuits is dependent on cholinergic inputs (Myers et al., 2005). Spontaneous
activity in the embryonic chick was postulated to originate from cholinergic MNs (Ritter et al.,
1999) forming synapses with R-interneurons (Renshaw-like) via axon collaterals (Wenner and
O'donovan, 2001). Spontaneous motor activity in the embryonic spinal cord has also been
linked to presynaptic facilitation of GABA and glutamate release by cholinergic inputs
(Czarnecki et al., 2014). The roles of these different transmitter systems may differ at different
times of development. In the early phase of embryonic network activity, bursting is dependent

on GABAergic and cholinergic transmission, while glutamatergic effects on activity only occur at
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later stages of development (Branchereau et al., 2002; Hanson and Landmesser, 2003; Myers
et al., 2005; Scain et al., 2010). Thus multiple transmitter systems play roles in spontaneous

activity at different times during development.

The spontaneous muscular activity we observed occurred late after transplantation, and was
largely glutamate-dependent, corresponding to glutamatergic predominance in late embryonic
development (Branchereau et al., 2002; Hanson and Landmesser, 2003; Myers et al., 2005;
Scain et al., 2010). It is possible that earlier on in the transplants, there was spontaneous
activity that was insufficient to produce notable muscle contractions. Therefore, other transmitter

systems may have been critical to set the stage for circuit formation.

At three months following transplantation, the residual activity seen after blockade of
GABAergic/glycinergic, glutamatergic, and muscarinic cholinergic transmission could have
resulted from spontaneous MN activity, nicotinic transmission (Czarnecki et al., 2014), electrical
synapses, or other neurotransmitters such as dopamine or serotonin. It is also possible that
higher drug concentrations of CNQX and APV or bicuculline and strychnine may have achieved
a complete blockade. Nevertheless, the dominant neurotransmitter is glutamate, almost

certainly released from excitatory interneurons.

Whether synapses are formed in these conditions, or transmitter is released into the local
environment is not clear. Under our model conditions, transplanted ESCMNs mature in a foreign
environment — a peripheral nerve disconnected from central nervous system inputs. The
absence of astrocytes might have an impact on synapse formation and elimination
(Christopherson et al., 2005; Stevens et al., 2007). Interestingly, neurite pathfinding early in
spinal cord development is to a degree genetically determined and leads to proper location

targeting even in the absence of the targeted cells (Vrieseling and Arber, 2006) as seen in la
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afferent synapses onto MNs (Sidrmeli et al., 2011). These cues may be absent in our
transplantation model and consequently synaptic targeting may be somewhat “random.” The
diversity of spontaneous activity patterns encountered in our transplants might be the result of

such arbitrary synaptic formation or due to non-synaptic transmitter release.

Functional Considerations

Investigating spontaneous activity of ES cell-derived neurons could extend our understanding of
neuronal developmental physiology and network formation (Ban et al., 2007; Heikkila et al.,
2009; llles et al., 2014). Such knowledge could provide insight into the impacts of transplanted
stem cell-derived neurons on the host network, some of which may be unwanted and of clinical
significance (Weerakkody et al., 2013; llles et al., 2014). Whether the microcircuit formation that
resulted in spontaneous activity observed here plays an important role in the functional
integration of the transplants, and/or whether it produces clinically undesirable effects remains

to be seen.
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Figure Legends

Movie 1 — Spontaneous Muscle Contractions Induced From Transplanted ESCMNs In The
Tibial Nerve

Ex vivo transplanted tibial nerve under surgical microscope. Enlargement at the end of nerve
represents the transplantation site. Top muscle is the medial gastrocnemius spontaneously
contracting. Femur is anchored on the left with pins. Suction electrode on top of muscle for EMG
recording. Stimulating electrode at the bottom is not contacting the nerve and not stimulating.

See appendix two

Figure 1 — Transplanted ESCMNs Generate A Neuronal Circuit Resulting In Rhythmic
Muscle Contractions

(A) Bursting activity evoked after three 5 Hz stimuli over 500 ms. Evoked activity was blocked
after the addition of CNQX and APV. Arrows represent electrical stimuli. (B) Spontaneous
muscle contractions at baseline, after CNQX and APV infusion, and after washout. Spontaneous
contractions significantly reduced after CNQX and APV infusion with residual low amplitude
contractions shown in the insert. Grey bars indicate region of insets. (C) Quantification of force
and instantaneous contraction frequency before and after CNQX and APV. * false discovery rate
significant, Q < 1%. (D) Autocorrelation of baseline, CNQX and APV, and washout conditions.
(E) Histogram of force frequencies before and after addition of CNQX and APV. Only few
amplitude events are present before blockade whereas no large amplitude events are seen after
blockade. (F) Addition of GABA and glycine blockers, bicuculline and strychnine, resulted in an
increase in force (H) early (G) but not late after infusion of GABA and glycine blockers.
Contraction instantaneous frequency did not change (H). Grey bars (F) indicate regions
depicted in (G). **** p < 0.0001 by unpaired t-test, n =1 533 vs 117 events. (I) Autocorrelation of
baseline (solid black), early GABA / glycine blockade (dotted grey) and late GABA / glycine

blockade (solid grey). Rhythmicity can be seen after prolonged GABA / glycine blockade.
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Figure 2 — Examples Of Variety Of Responses To Atropine Demonstrated By
Transplanted ESCMNs

(A) Evoked bursting activity at baseline and after atropine infusion. Duration of bursting was
prolonged after the addition of atropine. Arrows represent electrical stimuli (25 pulses at 50 Hz).
(B) Quantification of burst duration. * p = 0.03, Mann Whitney test, n = 1, 4 repeats. (C)
Spontaneous activity at baseline with few large amplitude events (force = 6 mN). The addition of
atropine increased the frequency of large amplitude events. (D) Low amplitude spontaneous
events (force < 6 mN) were present at baseline and reduced in frequency after atropine. (E)
Quantification of inter-event intervals between all events, small events only and large events
only. There is a four fold decrease in the inter-event interval of large events. *™*** p < 0.0001 (F)
Frequency distribution of instantaneous event frequency at baseline and after atropine. Atropine
narrows the distribution towards 0.5 Hz. (G) Quantification of force shows no change in
amplitude. (H) Frequency distribution of forces before and after atropine. Atropine decreases the
occurrence of low amplitude events and increases large amplitude events. Inset represents
enlarged region containing large amplitude events. (1) Neurotransmission blockade with CNQX,
APV, bicuculline and strychnine shows residual low amplitude activity. The addition of atropine
resulted in a decrease of spontaneous activity. **** p < 0.0001 (J) Quantification of force shows
no change in amplitude, but (I) atropine significantly decreases the event instantaneous

frequency. **** p < 0.0001

Figure 3 — Transplants Demonstrating Bursting Activity Do Not Become Spontaneously
Rhythmically Active After Adding Excitatory Neurotransmitters

(A) The addition of NMDA, 5-HT and DA resulted in an increase activity demonstrated by a
prolongation of burst duration in evoked activity. (B) Quantification of episode duration. ™ p =

0.004, Mann-Whitney test, 8 vs. 4 repeats. (C) Autocorrelation before and after NMDA, 5-HT
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and DA shows the onset of rhythmic activity. (D) In transplants with spontaneous activity, the
addition of NMDA, 5-HT and DA increase the force of events, the instantaneous event
frequency, and decreased the inter-event duration. Two examples of force generated at
baseline are shown in baseline (solid and dotted line) to represent the presence of single events
and short bursting episodes. (E) Quantification of force amplitude, (F) instantaneous frequency,
and (G) inter-event intervals. *** p = 0.0004 in (D) and p = 0.0002 in (E), unpaired t-test with

Welch’s correction, 20 vs 399 events, *™* p = 0.01 in (G)
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Chapter Five: Discussion

Summary

Chapter Two: Preventing Tumorigenesis Improves Innervation By Transplanted

Embryonic Stem Cell Derived Motoneurons

In a clinically relevant model of delayed surgical intervention for denervation pathologies, we
found that muscle fibre innervation by transplanted ESCMNs decreased progressively over four
weeks and failed by eight weeks. Concurrently, we found that about half of transplants
developed teratocarcinomas arising from residual pluripotent cells within the graft. We
addressed tumorigenesis by pre-treating our cultures with the antimitotic agent mitomycin C. We
found that mitomycin C treatment prevented tumor formation and simultaneously improved

muscle innervation from transplanted ESCMNs.

Chapter Three: Direct Optical Activation Of Skeletal Muscle Fibres Efficiently Controls

Muscle Contraction And Attenuates Denervation Atrophy Due To Injury

Return of muscle innervation post denervation being limited to a finite time window, we focused
on activation of muscle contraction via direct depolarization of muscle fibres. Mutant Sim1-
cre:Ai32 mice expressed the ChR2-H134R homogeneously along the sarcoplasmic membranes.
Upon light stimulation with an "off the shelf' 470 nm LED, we replicated normal contractile
forces and were able to modulate force production with light intensity, duration, and pulse

frequency.

Chapter Four: Spontaneous Circuit Activity Of Transplanted Embryonic Stem Cell-

Derived Motoneurons
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Transplantation of ESCMNSs in the transected tibial nerve generated a local neuronal circuit
resulting in a variable range of activity from spontaneous rhythmicity to bursting of contractions
evoked by stimulation. This self-generated network required glutamatergic transmission and
could be modulated by GABAergic and cholinergic transmission. Increasing the network
excitability with NMDA, 5-HT and DA lengthens bursting episode, contraction force and
frequency but was not enough to transform the network into a spontaneously bursting circuit.
This unexpected self-organized neuronal circuit formed by transplanted ESCMNSs raises
concerns on outcomes after transplantation of embryonic neurons in a non-native environment
where guidance cues required for proper elaboration of a neuronal synaptic network are likely

unregulated.

Motor Recovery

The number of MNs needed to reinnervate a muscle is fewer than the native number, as MNs
are able to quintuplet their innervation ratio (Rafuse et al., 1992). In the absence of a sufficient
number of MNs, however, compensation saturates and muscle fibres left rapidly degenerate
(Bradley et al., 1983; Thomas et al., 1997). Extensive MN death thus leads to poor functional
outcomes irrespective of the etiology (Thomas et al., 1997; Jackson and Bryan, 1998; Martin et
al., 1999; Thomas et al., 2000; Reier, 2004; Collazos-Castro et al., 2005; Ramer et al., 2005).
Return of innervation can occur within a finite time window, outside of which functional recovery
is poor (Sunderland, 1978; Irintchev et al., 1990; Fu and Gordon, 1995a; Finkelstein et al., 1996;

Kobayashi et al., 1997; Ruijs et al., 2005; Isaacs, 2010).

To this end, transplantation of MNs into either the spinal cord grey matter or the peripheral
nervous system has been investigated and has demonstrated successful innervation of muscles

(Sieradzan and Vrbova, 1989; Horvat et al., 1991; Sieradzan and Vrbova, 1991; Deshpande et
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al., 2006; Nogradi and Szabd, 2008). Transplantation into the peripheral nervous system has
been used to eliminate inhibition of axonal growth by central myelin, to shorten the distance and
thus the time needed for axonal growth and enhance engraftment by transplanting in an

atraumatic environment.

Force generation in our transplants performed immediately (Yohn et al., 2008) or after
prolonged denervation recovered to 55 to 65% of naive MG forces. Partial force recovery after
transplantation is commonly reported among laboratories working with this transplantation
model. Practically, a 50% force recovery renders a reinnervated muscle functional as it can
generate enough power to resist at least gravity. In humans, results of peripheral nerve graft
and transfer for high grade injuries are commonly limited to return of anti-gravity power in
successful candidates (Yang et al., 2012). Our peripheral nerve transplantation model seems
advantageous. However, force recovery might be drastically different among species. In fact, in
the rat, force recovery after transplantation of MNs in the tibial nerve is only about 5% (0.24 +

0.09 N vs. 4.6 £ 0.3 N in transplanted and naive rat MG respectively; Grumbles et al., 2005).

We estimated that after transplantation, about 15 MNs innervated the MG. The mouse MG
normally receives ~ 50 MUs (Mohajeri et al., 1998; Yohn et al., 2008). Transplanted ESCMNs
providing innervation accounted for 30% of the normal number of MNs. With such a high
number, it would have been expected that more than 100% of the force would have been
restored based on MN sprouting capacity. On the contrary, transplanted ESCMNs generated
half of the expected force. There are several possible explanations why this was not the case:
(1) muscle wasting from disuse atrophy; (2) change in muscle fibre type phenotype; or (3)

impaired sprouting capacity of ESCMNSs.
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Disuse atrophy, demonstrated in patients after spinal cord injury, results in a 50% decrease in
force generation in innervated muscles distal to the injury (Thomas et al., 1997). Given that
transplanted ESCMNs remained disconnected from the central nervous system, we assume
that the MG remained mostly inactive and was thus prone to atrophy from disuse. Interestingly,
the averaged MU force after transplantation was similar to normal controls. This should not be
the case in disuse atrophy, in which MU force is halved the normal value. In our model, on the
other hand, muscle fibres being denervated, MNs would have been strongly promoted to sprout.
Muscle units should theoretically have enlarged. Unfortunately, muscle unit size and muscle
fibre cross-sectional areas were not investigated in our transplants. On the other hand, MG wet
weights from transplants were halfway between the weights of normal and denervated MG

(17 mg vs. 34 mg vs. 53 mg, denervated, transplanted and normal respectively), suggesting a
blunted loss of mass likely from neurotrophic control by transplanted MNs assuming a lack

muscle contraction. Together, these findings would be consistent with disuse atrophy.

We have previously demonstrated a change in fibre type from fast to slow when ESCMNs
innervate the MG (Yohn et al., 2008). While slow fibres have lower force output, generally the
most prominent change from fast to slow conversion is in force kinetics (T6t6sy de Zepetnek et
al., 1992). In fact, denervation induces a spectrum of changes in muscle fibre physiology
including disruption of calcium handling (Berchtold et al., 2000) and blurring of muscle fibres
contractile phenotype (Celichowski et al., 2006; Patterson et al., 2006; Mrowczynski et al.,
2011). In the absence of contractile activity, these changes may not have fully recovered after

reinnervation and might have contributed to poor force generation.

Embryonic stem cell-derived motoneurons may have a reduced capacity to sprout. We have no
evidence for a cell autonomous sprouting impairment. However, activity driven by spinal or

supraspinal inputs may be an essential drive underlying sprouting (Rutishauser and
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Landmesser, 1991; Hanson and Landmesser, 2004; Burns et al., 2007). Absence of these

inputs may reduce ESCMNs capacity to sprout.

Alternatively, muscle end plates might not be able to receive innervation preventing sprouting
axons to establish a functional NMJ (Ma et al., 2011). Results from transplantation of ventral
cord dissociated neurons hints towards a failure of forming functional NMJ despite sprouting
capacity (Grumbles et al., 2005; 2012). In that model, transplanted rats had 12 MUs compared
to 82 MUs in normal controls irrespective of the overwhelming number of neurons transplanted
(10° compared to 10°). Surviving MNs should maximally sprout to expand their innervation ratio.
In that case, only 18 MUs would be required to recover full force. With 12 MUs, two third of
normal force should have be recovered, transplanted rats generated only 5% of normal force.
Even while accounting for disuse atrophy causing a 50% loss of force, recovery would only have
been 10% of total force (0.23 N vs. 4.6 N, transplant vs. normal). Yet, 50% of MG fibres were
received innervation after transplantation. Together, these findings are most consistent with a
problem along functional synapses formation. This would be consistent with the immature
morphology seen in 80% of synapses formed by transplanted embryonic MNs (Grumbles et al.,

2002; 2012).

Timing Of Transplantation

Others and us have found that a delay of one week before transplantation resulted in optimal
recovery (Grumbles et al., 2002; Lin et al., 2013). At one week, the inflammatory environment
resulting from the transection has likely transformed to a restorative milieu rich in neurotrophic
factors and axonal growth promoting substrate produced by activated SCs (Richardson and
Issa, 1984; Perry and Brown, 1992; Rassendren et al., 1992; deLapeyriére and Henderson,

1997; Grumbles et al., 2002). Given that the rate of cellular death in the grafts is highest at the
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time of transplantation (Sortwell et al., 2000), these survival signals may lead to improvement in

the outcomes.

Motor Regeneration After Prolonged Denervation

The failure of recovery after prolonged denervation is linked to a failure of axons to reach the
target to establish a functional synapse (Fu and Gordon, 1995b; 1995a). The denervated
muscle and the nerve leading to it are progressively down-regulating production of growth
supportive factors (Gordon and Fu, 1997; Hoke et al., 2002). The distal milieu becomes non-
permissive for growth (Sulaiman and Gordon, 2000) and eventually promotes axonal retraction
(Luo and O'Leary, 2005; Gallo, 2006). Returning axons maintain an immature morphology at the
endplate with minimal branching and fail to form synaptophysin expressing terminals (Ma et al.,
2011). Based on these findings, a shorter window of reinnervation of five weeks has been
demonstrated in mice beyond which axons fail to establish a functional NMJ (Ma et al., 2011;
Sakuma et al., 2015). This finding focusing reinnervation failure at the NMJ would be more in
keeping with studies showing motor axons maintaining an intrinsic capacity to grow despite

prolonged axotomy (Fu and Gordon, 1995b; Terenghi, 1999; Saito and Dahlin, 2008).

The repeated crush injury model in the mouse indicates that return of innervation must occur
before 31 days after which recovery drops by 50% and there is no recovery if innervation is
delayed to 38 days (Ma et al., 2011; Sakuma et al., 2015). Full recovery should be expected if
innervation returns by three weeks post injury and would fail if returning after five weeks. Similar
results were found after transection and resuturing of the tibial nerve showing return of
innervation to the tricep surae by 20 days. A failure of motor recovery in distal foot intrinsic
muscles was also demonstrated (Sakuma et al., 2015). Assuming a growth rate of 1 mm/day,
axons would need an extra two weeks to reach the intrinsic foot musculature, and by that time,

the muscles would have already been denervated for 35 days.
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In summary, prolonged denervation is species specific. In the mouse, return of innervation must
occur before 35 days (five weeks). Further delays results in quasi-null recovery. A transection
injury immediately repaired cause a denervation of four-week duration. A repair delayed by two
week or longer would push the return of innervation beyond this critical window. Although
previous studies have demonstrated muscle contractions despite prolonged denervation

periods, the force outputs reported have remained poor (Carraro et al., 2015).

Denervation Atrophy

Muscle atrophy is a subtype of muscle mass loss (Dutt et al., 2015). Loss of muscle mass can
originate from three major conditions: (1) chronic disease named cachexia; (2) disuse
conditions, or atrophy from denervation, immobilization and microgravity; and (3) aging

represented by sarcopenia (Dupont-Versteegden, 2005; Glass, 2005; Zhang et al., 2007).

Essentially, the regulation of muscle mass reflects protein turnover. Muscle atrophy occurs
when protein degradation rates exceed protein synthesis (Schiaffino et al., 2013). Muscle
atrophy involves shrinkage of myofibres due to a net loss of proteins, organelles and cytoplasm.
Contrarily to other atrophic conditions, denervation atrophy is associated with a cell-wide
increase in protein synthesis with an even more important increase in protein degradation
(Argadine et al., 2009; Quy et al., 2013). Muscle fibre subtypes do not respond equally to
atrophic conditions and individual muscles show different response to denervation (Aravamudan

et al., 2006).

Nervous System Control Of Muscle Mass

The nervous system exerts control over skeletal muscles by two mechanisms: neuromotor
control, inducing depolarization-contraction coupling, and neurotrophic control, which is

independent of the electrical activity of MNs, but depends on the release of soluble factors from
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the nerve terminals at the NMJ. The importance of neural influences on skeletal muscle is
evident from the rapid and severe muscular atrophy that occurs whenever there is loss of neural
continuity (Zeman et al., 2009); the ensuing atrophy is considerably more rapid than from other
etiologies such as immobilization, cachexia, malnutrition, severe burns, aging, dystrophies, and
myasthenia gravis (Schiaffino et al., 2013). Application of electrical stimulation to nerves to elicit
muscle contractions can prevent or largely reverse muscle wasting due to paralysis indicating
the critical role of muscle contraction in suppressing the signaling responsible for muscle

atrophy (Dudley-Javoroski and Shields, 2008).

There is also a vital neurotrophic role provided by an intact MN at the NMJ, as demonstrated by
slower muscle atrophy after spinal isolation compared to a rapid atrophy following nerve
transection (Hyatt et al., 2003). Maintaining neurotrophic support of denervated muscle by
temporary innervation from a grafted sensory nerve also improves functional recovery, pointing
towards the influence of neurotrophic support on prolonging the capacity of NMJs to receive

innervation (Bain et al., 2001; Zhao et al., 2004).

Nerve transection increases sarcolemma permeability, reducing membrane potential, and
increasing excitability of muscle fibres. Most of these changes have recently been proposed to
result from de novo synthesis and insertion of connexins 39, 43 and 45, as well as pannexin 1
into the sarcolemma, and is responsible to mediate atrophy of fast skeletal muscle (Cea et al.,
2013). Connexin expression is normally down regulated before the end of myogenesis, such
that adult myocytes are devoid of gap junctions (Armstrong et al., 1983; Constantin and Cronier,
2000). However, regenerating muscle fibres re-express connexins as early as seven days post-
denervation and as late as eight weeks post SCI (Araya et al., 2004; Maltzahn et al., 2004;
Belluardo et al., 2005; Cea et al., 2013). Knocking out connexins 43 and 45 prevents muscle

atrophy post denervation by 70% (Cea et al., 2013).
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Muscle Atrophy After Spinal Cord Injury

In rodents and humans, SCls result in rapid and extensive muscle atrophy (Qin et al., 2010)
causing 40-60% muscle loss in rodents (Ung et al., 2010; Wu et al., 2012) and 27 to 56% in
humans (Castro et al., 1999). These changes are associated with marked reductions in
contractile force and fatigue resistance, loss of slow- and fast-twitch oxidative fibres, and
diminished levels of oxidative phosphorylation enzymes (Qin et al., 2010). The severity of
atrophy following SCI goes beyond disuse and might be the result of changes in sarcolemma
properties from an elevated expression of connexins. Interestingly, FES does not prevent the

loss of membrane potential seen in muscle fibres after SCI (Squecco et al., 2009).

Changes at the NMJ are very heterogeneous: from massive sprouting to loss of acetylcholine
receptor (AChR) clusters, to an absence of changes (Burns et al., 2007). Pruning of MN
arborization and deterioration of motor endplates lead to impaired NMJ transmission (Ollivier-
Lanvin et al., 2009). This reflects the limitation of neurotrophic control provided by MNs in
preventing the biochemical changes in muscle fibres post SCI. In a way, changes seen in
muscles after SCI can be expected in our transplantation model since transplanted ESCMNs

are disconnected from the CNS.

Transplantation Of Motoneurons

So far, the only way to replace lost MNs is via transplantation of exogenously generated MNs.
We have discussed transplantation of MNs in the peripheral nervous system already, but what
happens to MNs after transplantation in the central nervous system? After transplantation of
MNs into the spinal cord, it would be fundamental to demonstrate that MNs can survive in the
new host post transplantation, can integrate in the circuitry of the recipient and can innervate

target muscles.
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Survival Of Transplanted Motoneurons

Transplantation of embryonic spinal cord enriched MNs have been shown to be possible
(Sieradzan and Vrbova, 1991) but within very limited conditions: transplanted MNs must be of
embryonic age, a muscle target must be available, and a matching host environment must have

free space for engraftment of the transplanted MNs.

Embryonic MNs can only be harvested and transplanted within a small time window before
axonal elongation and growth to the periphery (Altman and Bayer, 1984). Subsequently,
embryonic MNs undergo programmed cell death, which coincide with innervation of muscle
fibres (Hamburger and Oppenheim, 1990). Motoneuron survival is dependent on receiving
trophic support from muscle (Hollyday and Hamburger, 1976) and this dependency extends up
to early postnatal days (Lowrie and Vrbova, 1992). This biological dependency onto muscle
fibre innervation is problematic for MN survival: transplanted MN would too far from their target
that they would undergo apoptosis before muscle fibres. Transposition of appendage skeletal
muscle and nerve to a paravertebral location solved this issue and confirmed the feasibility of
spinal cord transplantation (Clowry et al., 1991; Négradi and Vrbové, 1996). Clinical applicability

in the adult spinal cord remains questionable.

A proper matching host environment must be available such as a spinal cord devoid of MNs.
SCls and NMDs can provide such an environment but are also associated with cellular and
acellular growth inhibitors that are absent in the normal spinal cord (Lu et al., 2007).
Furthermore, isogenic grafts do better and can survive in the adult spinal cord whereas
allogeneic grafts eventually get rejected (Theele et al., 1996), motivating the use of patient

specific iPS MNs or induced MNs.
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Spinal cord grafting results are not consistent between studies. Uncontrollable factors such as
graft survival, glial differentiation of transplanted NPSCs, immortalization of transplanted cells,
inhibitory effects of surrounds glia and myelin, and neurotrophic and vascular factors seem to be
responsible for this variability (Lu et al., 2003; Lowry et al., 2008; Abematsu et al., 2010; Lu et
al., 2012). Overall, the age and source of the grafted neurons and the transplantation method
result in a significant effect on cell survival, differentiation and ability to extend axons (Cao et al.,

2001; Pfeifer et al., 2004; Karimi-Abdolrezaee et al., 2010; Cusimano et al., 2012).

Innervation By Grafted Motoneurons

Only a fraction (~ 20%) of axons exit the spinal cord after transplantation (Négradi and Vrbova,
1996; Nogradi and Szabo, 2008). It remains unknown if grafted MN axons would have
successfully exited the spinal cord in the absence of endogenous axons having already created
a path (Wang et al., 2011). Furthermore, only a small portion of grafted MNs eventually
expressed choline-acetyl transferase suggesting an incomplete maturation post grafting (Clowry
et al., 1994). Incorporation of the grafted MNs within the pre-established spinal network
remained incomplete and secretion of acetylcholine following depolarization remained non-
regulated (Gulino et al., 2007). The underlying mechanism responsible for the interruption of
maturation post grafting remains elusive, but might be related to deficient activity from

incomplete synaptic inputs.

Connections Between The Host And The Grafted Neurons

Grafted neurons extend lengthy axons along white matter tracts after spinal cord transplantation
(Bregman et al., 2002) and can extent to remarkable distances (Lepore and Fischer, 2005).
They can establish reciprocal synaptic connections and assist descending pathways axons to

cross the injury gap either by a bridging effect or by establishing a local circuit (Coumans et al.,
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2001; White et al., 2010; Lu et al., 2012). However, most often axons fail to enter the core of the

graft (Nogréadi et al., 2011).

Augmentation of axonal growth signaling pathways by trophic support or genetic manipulations
have improved connectivity between the grafted neurons and the host network (Deshpande et
al., 2006; Lu et al., 2012). However, transplanted neurons also formed aberrant connections
onto unwanted pathways and axons misdirected into foreign locations (Canty and Murphy,
2008). Modifying axonal growth properties may result in misdirecting and unwanted synaptic

connections between transplanted tissue and the host or among transplanted neurons.

Motoneuron Transplantation Preclinical Studies

Transplantation of MNs in the spinal cord after neuronal depletion resulted in 15% cell survival
and engraftment but required co-transplantation of GDNF secreting neural precursors and the
administration of phosphodiesterase inhibitors (Deshpande et al., 2006). Motoneurons
transplanted in ALS (Lopez-Gonzélez et al., 2009) and spinomuscular atrophy (Corti et al.,
2010) spinal cords delayed the onset of the disease and supported MN survival. Again, the

underlying mechanisms for these effects remain unknown.

Tumour Prevention

When considering translation of stem cell therapies, it is critical to be able to prevent cancer
formation (Bretzner et al., 2011). Undifferentiated stem cells have a very high propensity to form
tumours (Lawrenz et al., 2004) and pre-sorting of cells is likely to be insufficient with current
technology (Geens et al., 2006). Of course, future technology may be able to eliminate all
pluripotent cells (Hermann et al., 2011). We used a DNA cross-linking chemotherapeutic agent,
mitomycin C, which is non-selective, and relies on the greater sensitivity of pluripotent and

immature cells to apoptosis compared to post-mitotic cells (Smith et al., 2012). Targeted
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cytotoxic approaches developed to eradicate tumorigenic cells with ceramide analogues
(Bieberich et al., 2004) or cytotoxic antibodies against specific cell surface markers (Choo et al.,

2008) may provide a selective eradication of teratogenic cells.

Residual Pluripotent Cells

It should come as no surprise to encounter tumours after transplantation of undifferentiated
stem cells. After all, stem cells are capable of generating all germ layer lineages upon
transplantation. We initially conceptualized that differentiation would remove all pluripotent cells.
Yet, as demonstrated with human ES cells, even prolong differentiation protocols do not

completely remove all pluripotent cells (Brederlau et al., 2006).

This brings up an important question: are the residual proliferative SSEA-1* cells that we have
found after our differentiation protocol the result of a differentiation failure or a normally
generated population after neuronal differentiation of cells from the epiblast / inner cell mass.
Could these cells be founder cells or PGCs? The debate on the subject is controversial with
serious implications for clinical trials using ES cell-derived neurons (Zwaka and Thomson, 2005;
Blum and Benvenisty, 2008; Blum et al., 2009; De Miguel et al., 2009) and serious implications

for the use of ES cells in clinical trials.

Maintenance of ES cells in vitro has been linked to adaptation and an increased risk of
tumorigenesis (Baker et al., 2007). Although in vitro adaptation was initially reported to be due
to aneuploidy and other chromosomal abnormalities, in vitro adapted colonies might in fact be
demonstrating "tumorigenic hallmarks" in the absence of "mutational transformational hits"
(Blum and Benvenisty, 2009). As such, SSEA-1" cells remaining post differentiation might have
been relatively refractory to differentiation without necessarily harboring oncogenic mutations. In

fact, in the embryo, pluripotent cells from the inner cell mass and the epiblast have a
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heterogeneous expression of pluripotent markers (Buehr et al., 2003; Rossant et al., 2003)
suggesting that among them, only a minority can sustain a pluripotent state in vitro (De Miguel
et al., 2009). This would indicate that ES cells capable of self-renewal in vitro are in fact a highly

selected cell population prone to in vitro adaptation.

On the other hand, the inner cell mass gives rise to an early epiblast that, very early at 6.0 to 6.5
days post fertilization, produces primordial germ cells (PGCs; Lawson and Hage, 1994;
McLaren, 2003). By 7.25 days post fertilization PGCs can be identified at the base of the
allantois, an extra-embryonic mesodermal structure (Ginsburg et al., 1990). It is interesting that
transplantation of embryonic structures from embryos eight days post fertilization or beyond
never generates teratocarcinomas but benign teratomas (Damjanov, 1993). In fact, PGCs arise
secondary to the proximal epiblast microenvironment (Quinlan et al., 1995; Tam and Zhou,
1996; Extavour and Akam, 2003) and, under the right conditions, ES cells can give rise to early
PGCs (Tsang et al., 2001; Geijsen et al., 2004). Mouse ES cells differentiated by EB protocol
towards a hematopoietic lineage contained a residual SSEA-1" cell population (< 10%) that
maintained SSEA-1 expression despite treatment with RA. Contrarily, ES cells exposed to RA
prior to EB protocol differentiation rapidly and nearly totally (99%) extinguished SSEA-1
expression (Geijsen et al., 2004). This suggests that EBs provide the required
microenvironment to generate PGCs. Our residual SSEA-1* population found after neural
differentiation protocol could have in fact been PGCs. Further maturation in vitro is required
before PGCs can be differentiated from ES cells by the mouse germ cell marker vasa homolog

(Durcova-Hills et al., 2003).

Experimental Teratocarcinomas: An Epigenetic Phenomenon

Teratocarcinomas are not well understood but these tumours have played a pivotal role in the

generation of ES cells (Andrews et al., 2005). Teratocarcinomas are composed of a mixture of
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differentiated tissue, similar to a teratoma, and an undifferentiated component, named
embryonal carcinoma (EC), resembling embryonic tissue and responsible for the malignant
behavior of these tumours (Kleinsmith and Plerce, 1964). EC cells, like ES cells, have self-
renewal properties, are capable to generate cells of all germ lineages and once transplanted

generate a teratocarcinoma (Kleinsmith and Plerce, 1964).

Embryonal carcinoma cells isolated from spontaneous teratocarcinomas are aneuploid with
specific genetic abnormalities increasing self-renewal capacities and decreased differentiation
potential (Blum and Benvenisty, 2009). However, euploid ES cells from both human and mouse
are also able to generate teratocarcinomas after transplantation (Fujikawa et al., 2005; Leor et
al., 2007). The formation of teratocarcinomas from embryonic tissue is dependent on the
transplant site microenvironment, the recipient immune system and the recipient genetic
permissiveness for teratocarcinomas (Damjanov, 1993). Consequently, to reveal
teratocarcinogenic properties of human ES cells, it is essential to transplant into a human-
mouse hybrid where human fetal tissue have been a priori engrafted into a SCID mouse (Shih et
al., 2007). This means that stem cell-derived teratocarcinomas require an isogenic
microenvironment to occur. Thus, the occurrence of teratocarcinomas was an epigenetic
phenomenon by the recipient microenvironment onto PGCs residing among the transplanted

ESCMN population.

Future Directions

Motoneuron Transplantation

Significant loss of MNs results in debilitation. Available medical and surgical therapies for
denervation pathologies are limited and functional outcomes are only modest. TPNIs, especially

proximal injuries such as plexus injuries, are associated with significant deficits and limited
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functional recovery (Giuffre et al., 2010). Practically, these injuries “disconnect” the MNs from
their muscle and regenerating axons fail to reach the muscle in time for full reinnervation. MNDs
are a progressive denervation pathology caused by MN death. Sprouting from surviving MNs
compensate temporarily until enough MNs have died that compensatory mechanisms are
overwhelmed. This process eventually gives rise to permanently denervated muscle fibres. In
both conditions, MNDs and TPNIs, replacing loss MNs would provide the missing innervation
required to restore function. In this context, cell-based therapy employed to either replace lost
MNs or support muscle fibres until return of innervation is an appealing venue for restoration of

function.

To address this, we had previously transplanted ESCMNs in the mouse transected tibial nerve
(Yohn et al., 2008). In that model, transplantation was done at the time of the denervation injury
caused by a nerve transection. Here, we have shown that delayed transplantation of ESCMNSs is
possible, but is dependent on the duration of denervation and progressively decline as the

denervation period lengthens.

In humans, transplantation of MNs to provide new innervation would need to be performed
within a 12 months time window; time frame that should include the time required for axon to
reach the muscle and form functional synapses. Expert recommendations suggest to delaying
surgical procedures in humans by four to six weeks after injury to allow for spontaneous
regeneration (Spinner and Kline, 2000). A six-week delay before transplantation would be
unlikely to negatively impact innervation outcomes in humans. The equivalent period in the
mouse model remains unknown. However, considering that the mouse do not reinnervate after
eight weeks of denervation, we could postulate that eight weeks in the mouse is equivalent to 12
months in humans. Based on this premise, a six-week delay in humans would be similar to a

one-week delay in mice.
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Clinical translation of this transplantation model would require a few technical modifications.
First, the transplantation model to be used in humans should be constructed on practiced
peripheral nerve surgical approaches. Consequently, cells should not be grafted inside the
nerve, but outside in an end-to-side graft procedure (Zhang and Fischer, 2002). Cells would
need to reside in a substrate or a matrix that could be grafted onto the nerve side (Wong et al.,
2014). In this procedure, intact endogenous axons would be spared, while grafted neurons

would gain access to the nerve to growth axons.

Second, because neurons in our model are transplanted into the peripheral nervous system,
isolated from the central nervous system, and thus cannot provide voluntary control over muscle
contraction. In order to be functional, transplants could be fitted with a neuroprosthese,
technology currently existing for SCI and stroke patients (Gan et al., 2007). ESCMNs could be
considered as “placeholders”, providing early innervation and preserving NMJs until
endogenous axons return months or years later. Then, transplanted ESCMNs could be ablated

permitting endogenous MNs to reinnervate the muscle.

Channelrhodopsin

The ChR2-H134R used in our Sim1-cre mouse model has allowed us to reproduce normal force
with functionally minimal limitations in generating tetanic forces at high frequency stimulation.
However, the H134R variant is temporally less precise than wild-type ChR2, demonstrating
slower kinetics mostly a longer closing time at 18 ms (Lin et al., 2009) limiting reliability of
repetitive stimulation to 50 Hz. This effect is more pronounced under overexpression and in
neurons lead to action potential doublets from single pulse stimulation (Nagel et al., 2005; van

Bremen et al., 2015).
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One interesting future modification of the Sim1-cre:Ai32 would be to use a ChR variant with
faster kinetics. Many variants of ChR are now available with different characteristics, the
majority demonstrating a reduction of desensitization (Lin et al., 2009; Wen et al., 2010;
Kleinlogel et al., 2011). One subtype of variants of interest is the engineered chimera of ChR1
and ChR2 named ChD, ChEF and ChIEF (Lin et al., 2009) that could improve temporal
precision. All demonstrate an increased steady-state phase response with minimal of the peak
photocurrent giving consistent response under continuous light exposure and repetitive light
pulses at high frequencies (Lin et al., 2009). Furthermore, the kinetics of these chimeric
channels are faster with a closing time of 10 ms or less, expression is enhanced in mammalian
cells, and trafficking to the cell membrane is more efficient (Lin et al., 2009; Wang et al., 2009;
Kleinlogel et al., 2011). Our Sim1-cre ChR2 could be modified to incorporate the ChIEF or ChD

variants to improve responses at high frequency stimulation.

Finally, targeting the ChR to the NMJ might also be beneficial. As muscle fibre only need to be
depolarized by 10 to 15 mV to activate the sodium voltage-gated channels concentrated in the
junctional folds and around the NMJ. In our experiment, the ChRs were homogeneously
distributed along the membrane and might have generated greater currents than necessary to
engage the Nav1.4 to spread the depolarization. Targeting the ChR to the NMJ in a mechanism
similar to ACh receptors may amplify the depolarization effect as postulated for ACh receptors
(Martin, 1994). With smaller photocurrents necessary for muscle depolarization, lower light
intensity could be used lessening desensitization and increasing the versatility of this system for

clinical translation.

Conclusion
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We have shown that transplantation of ESCMNSs in the peripheral nervous system can restore
motor function after prolonged denervation as long as ESCMNSs are transplanted within a critical
time window. We encountered the development of teratocarcinomas generated from pluripotent
cells persisting among the transplanted cell population despite neural differentiation. We were
successful in eliminating these cells with mitomycin C prior to transplantation. Transplanted
ESCMNSs integrated into a self-organized circuit with interneurons generated during the stem
cell differentiation protocol. This circuit driven by glutamate but under the influence of other
neurotransmitters resulted in uncontrolled muscle contractions. These unexpected findings raise
questions and further investigations in the stem cell differentiation process and embryonic
neuronal network elaboration before this technology gets incorporated in clinical trials. The
excision of tumours from transplanted stem cell-derived tissue in the spinal cord or the brain
would be surgically dreadful and could scientifically preventable. We showed that muscle
controlled by light pulse after the expression of channelrhodopsin-2 along the sarcolemma. The
amount of control over contraction provided by this optogenetic system is extensive and
clinically promising. Further developments on delivery vectors, cell expression and membrane
targeting of this channel in muscles will most likely deliver this technology to clinical use in the

near future.
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Appendix One

Chapter Three Movie — Transcutaneous Optical Activation Of Muscle Contraction

Transcutaneous tricep surae muscle contractions evoked by single and repetitive pulses of light
emitted from a 470 nm blue LED in a Sim1-cre:Ai32 mouse under anesthesia. Tricep surae
contractions can be visualized upon light emission. Sustained tetanic contraction can be seen

until the light is turned off when the muscle relaxes.

Movie available on the Dalhousie University DalSpace website: https://dalspace.library.dal.ca
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Appendix Two

Chapter Four Movie — Spontaneous Muscle Contractions Induced From
Transplanted ESCMNSs In The Tibial Nerve

Transplanted tibial nerve maintained ex vivo, viewed under the surgical microscope.
Enlargement at the end of nerve represents the transplantation site. Top muscle is the MG
spontaneously contracting. Femur is anchored on the left with pins. Suction electrode on top of
muscle for EMG recording. Stimulating electrode at the bottom is not contacting the nerve and

not stimulating.

Movie available on the Dalhousie University DalSpace website: https://dalspace.library.dal.ca
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