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There are approximately 1.9 million amputees in the USA, and approximately 185,000 new
amputations occur every year. Recent progress in robotic limbs provides the possibility of
interfacing with the peripheral nerve to replicate natural sensory and motor functions of the
human hand. While robotic prosthesis has advanced significantly, providing up to 22 degrees of
freedom equipped with multiple sensors for position, temperature, and pressure, eliciting
naturalistic sensation has yet to be achieved. Electrodes interfaced at the somatic peripheral
nerves are intended to decode motor intent and elicit sensation through selective stimulation of
sensory axons. However, current peripheral nerve interfacing technology elicits unnatural
sensations through fascicular stimulation of mixed modality axon bundles. In addition, recording
motor intent is more difficult due to the sparse arrangement of motor neurons. Therefore,
peripheral nerve interfacing technology that selectively records motor activity and elicits
naturalistic sensory percepts remains a challenge. This dissertation takes a unique approach to

this problem by evaluating the use of molecular cues to selectively guide regenerating motor and
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sensory axons into Y-shaped conduits to modulate the sensory to motor ratio of regenerative
neural interfaces.

In Chapter 2 we tested the efficacy of single neurotrophic factors (NTFs) in modulating the
sensory/motor axon ratio in using a Y-shaped nerve conduit. The functionality of the regenerated
segments was confirmed by evoked compound nerve action potentials in 97% of the nerve
fascicles. Retrograde labeling of ventral motor neurons showed that glial derived neurotrophic
(GDNF) induced a 3-fold increase in motor neurons compared to bovine serum albumin (BSA)
compartment, while sensory neuron regeneration showed no difference. The sensory/motor ratio
however was not significantly altered by single molecular attractants.

In Chapter 3 we evaluated the response of regenerating axons using motor axon guidance
molecules brain—derived neurotrophic factor (BDNF)/GDNF in one compartment and sensory
axon attractants nerve growth factor (NGF) or pleiotrophin (PTN) in the adjacent arm. The
combination of BDNF/GDNF versus PTN showed a significant (p< 0.05) change in the
sensory/motor axon ratio between the nerve fascicles. In Chapter 4 we evaluated the
effectiveness of Semaphorin3A, a nociceptive sensory axons molecular repellent, in combination
with BDNF, an attractant for mechanoreceptors, in one regenerative chamber compared to an
adjacent one containing NGF, an attractant for nociceptive axons. Sema3A significantly reduced
the number of small myelinated axons compared to the BDNF only compartment, but also
affected the NGF chamber, indicating cross-diffusion of the repellent to the other arm. In
summary, this body of work supports the notion that molecular attractant cues are able to
influence the regeneration of functional sensory/motor axons in nerve fascicles using a Y -conduit

in vivo, in a nerve amputee model. Furthermore, chemorepellent molecules were shown to induce
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an inhibitory effect on small myelinated axons for the first time in a peripheral nerve
regeneration paradigm. Together, this work contributes to establish the feasibility of molecularly
guided regenerative peripheral neural interfaces, and to define the potential of this technology
towards achieving intuitive motor control and conveying natural feel to amputee users of

advanced bionic limbs.
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CHAPTER 1

INTRODUCTION

There are approximately 1.9 million amputees in the USA, and this number increases by 150,000
amputation surgeries every year, from which 10% comprised of mostly trauma related to upper
limb [1], [2], and a total of 1,458 were related to the military personnel in 2013 [3]. The Defense
Advanced Research Projects Agency (DARPA) started an initiative focused on providing war
veterans who suffered limb loss with robotic prostheses to improve their quality of life.
Individuals suffering from spinal cord injuries, brain injuries, neurodegenerative diseases, and
limb amputation require sophisticated robotic devices capable of providing fast, intuitive,
reliable and bidirectional flow of information between the user and the device [4]-[6]. Prosthetic
devices have advanced from the traditional mechanical hooks performing simple open/close
tasks to more advanced anthropomorphic robotic hands capable of complex movements with as
many as 22 degrees of freedom. Despite much progress, current prostheses are controlled
through surface electromyogenic (EMG) signals and operated by visual or surrogate sensory
control [7]. While force and movement sensors placed on advanced robotic limbs have the
potential to offer a closed-loop control if interfaced with the nervous system of the user [8], the
current robotic hand sensory technology compares poorly to the estimated 17,000 touch sensing
receptors on the hand that provides information about small slips and skin deformation [9].
Furthermore, establishing a reliable neuron-electrode interface with both motor and sensory
axons, in order to provide natural control and feel of the robotic limb to the users, remains a

formidable challenge



Most recent efforts have been directed towards providing intuitive and natural closed-loop
communication between the user and the robotic devices by interfacing with the nervous system.
The feasibility of recording from hundreds of cortical neurons in relation to limb movement was
demonstrated more than 40 years ago by Evarts and his colleagues, who showed an increase in
cortical neuron activity prior to EMG activation in the limb [10]. This was further extended using
multielectrode arrays to record from neuronal populations in the cortex to control computer
interface devices in humans [11]. However, the absence of proprioceptive feedback required
visual dependency resulting in poor coordination, declining accuracy of the prosthesis and
exhausting the patient. In addition, no current device can integrate pain and mechanoception

required for a natural “feel” of the robotic prosthetic device.

Commercially available prostheses are normally controlled through two channel
electromyogenic (EMG) signals converted to mechanical commands and operated under visual
or surrogate sensory control [6], [8]. However, one in five users reject the prostheses with more
than 89% reporting the device a hindrance to daily functional activities [12]. Reasons for
dissatisfaction include limited range of motion, slow maneuverability, lack of comfort, and
fatigue due to the weight of the device. In addition, individuals indicate a lack of embodiment
with the prostheses, further increasing the chances of device rejection [13].

Recent efforts to enhance an amputee’s sense of embodiment focuses on providing closed-loops
systems consisting of multiple sensors in addition to cosmetic appearance. To address such
needs, researchers at Northwestern University in Chicago developed a new technique termed

targeted muscle reinnervation (TMR) by redirecting the intact residual nerve from the amputated



stump to denervated remnant muscles. This technique enabled the individual to control a
prosthesis with six degrees of freedom by extracting the remnant muscle electromyogram
(EMG). Furthermore, limited sensory feedback provided through stimulation of the skin at the
target site [14]-[19]. The realization that sensory feedback is critical for performance of simple
tasks and patient adoption has motivated the integration of advanced sensors on the robotic

prosthesis and artificial skin with temperature, humidity, and pressure sensors [20].

Brain computer interface for prosthetic limbs: Electrode-neuron interfaces in the primary
motor cortex of paralyzed patients have been shown to be successful in translating such intention
into machine control [21], [22]. Intracortical multielectrode arrays are very sensitive in decoding
motor planning information from the motor cortex. However, surgical implantation is highly
invasive. Furthermore, arguably cortical interfaces are less suitable for sensory-modality specific
stimulation, as this information is generated in distal target organs (skin, tendon, and muscle) and
modified in the spinal cord and thalamus before reaching the sensory cortex for interpretation.
Most current neural interfaces are designed as microneedle arrays for intact brain or nerve tissue
penetration. The rigid electrode materials cause mechanical damage to the softer nerve tissue, as
a result of both tissue micromotion and tethering forces imposed by the outside connectors. The
resulting cellular damage occurs at the entire neuronal columns of approximately 200-300 pum
around the electrode [23]. The result is one of limited functionality (weeks to months) and
continued signal deterioration. Such limitation obligates the daily re-calibration of electrodes and

the eventual loss of signal.



Peripheral nerve interfacing: In order to interface both sensory and motor neurons, several
types of peripheral nerve interfaces have been proposed in the last 30 years, ranging from non-
invasive extra-neural cuff to invasive intra-neural and regenerative based electrodes [24].
Sensitivity and selectivity for both recording and stimulation is regulated by multitude of
parameters, which include electrode design, material, implantation strategies, and stimulation
parameters among others [25]. Human volunteer studies have demonstrated that direct
stimulation of single afferent units from the median nerve above the elbow, gives rise to a clear
sensation of mechanical deformation after direct electrical stimulation. Thus, the use of
peripheral microelectrode arrays is a reasonable alternative to develop bi-directional
neurointerfaces. Indeed, K. Horch and R. Norman at Utah University have demonstrated that
silicon microelectrode arrays (100 needle electrodes) can be inserted into a peripheral nerve,
from where motor information can be recorded and decoded directly [26], [27]. However, the
Utah microelectrode needle array produces insertion and micromotion related injuries to the limb
nerves, reducing greatly their ability to provide long-term neural recording or stimulation. In
addition, insertion electrode arrays cannot control the type of neurons to be contacted, since most
peripheral nerves have a mixture of motor, sensory and autonomic axons. Abnormal sensations
were also evoked when using longitudinally implanted intrafascicular electrodes (LIFES), which
in addition to conveying grip force and joint position, evoked “electrical” paresthesia including

tingling and burning sensations [28], [29].

Pioneering studies with cuff electrodes in amputees that stimulated the residual nerves elicited

some normal sensations including digit flexion and vibration, but also evoked abnormal



paresthesia including fist clenching and tingling sensation [30]. A recent study by Tan et al.
reported patients feeling natural sensations of pulsing pressure, tactile touch, tapping, and/or
vibration by varying the pulse width of stimulation. However, constant stimulation intensity
pulse trains with varying frequency range evoked “electrical” paresthesia in 96% of the 151 trials
[30]. With the current paradigms, the difficulty in discriminating motor from the different
sensory submodalities is limited due to the physiological characteristics and anatomical structure

of the PNS.

There are important and well recognized challenges in fabricating an effective neurointerface
including achieving stable connectivity at the neural-electrode interface in order to control the
prosthetic device by either stimulating or recording from motor and/or sensory neurons. Such a
neurointerface must withstand continuous use through heavy recording/stimulating cycles,
without damaging the nerve tissue or compromising the neuron-electrode interface that is needed
for long-term functionality of the prosthetic device. While early neural interface designs have
demonstrated the feasibility to decode the neural discharge patterns involved in motor planning
in humans, reliable long-term neuron-electrode interface of the nervous system remains a

challenge.

An additional challenge is the desire to achieve selective neural interface for the control of
artificial limbs, which requires the ability to access volitional information from motor neurons,

and safely stimulating specific sensory modalities of sensory axons to convey needed



proprioception for precise motor control and/or other modalities (i.e., pain, light touch,

mechanoception).

Regenerative Electrode Arrays

SIEVE: Regenerative peripheral nerve electrode interfaces were first proposed more than 25
years ago, and are based on the innate capacity of peripheral nerves to spontaneously regrow
after injury [31]. These “sieve” electrodes integrate recording-stimulating electrodes via holes
(40 pm diameter) implanted between the severed ends of the nerve [32]. However, the transverse
placement of a sieve electrode constitutes a micro perforated barrier that compromises the
regeneration process, delaying and impeding the elongation of some growing axons. In addition,
the rigid structure of the sieve and the lead connectors results in compressive axonopathy due to
the inability to accommodate the increase in axon size (from 1 um to 14 pm) as axons mature
and undergo remyelination. The spatially restrictive nature of sieve electrodes most likely
explains the resulting decline of target tissue reinnervation and loss of regenerated nerve fibers

following implantation of the electrode [32].

REMI: It has been demonstrated that peripheral nerves can be induced to regenerate through
commercially available electrode arrays and be effectively interfaced, even after long-term
injuries. In recent experiments we implanted 16-microelectrode arrays in both acute and six-
month chronic injured nerves. The monolithic nerve guide/electrode array device was placed in
the sciatic nerve by suturing proximal and distal nerve stumps. This study also showed that

peripheral nerves, whether acutely injured or implanted after months of chronic amputation,



could be interfaced by enticing them to grow in close proximity to electrodes placed in a
tridimensional open regenerative multielectrode interface (REMI), which [33]. Subsequent
studies demonstrated that the number of active recording sites, the amplitude and firing rate
increased from 7 to 15 days post-implantation, in agreement with an increasing number of
regenerating axons across the REMI, despite immature myelination. Indeed, the number of
animals exhibiting spike activity increased 33% from 7 to 15 days following REMI implantation
with a corresponding increase in firing rate of 243% [34]. Together, these studies demonstrate
that regenerating axons depolarize spontaneously. Most peripheral nerves include mixed motor
fibers and multiple sensory axon sub-modalities (i.e., limb position, skin deformation). We have
previously demonstrated peripheral neural interfacing in freely moving animals with acute and
chronic nerve injuries. More recently, we obtained compelling evidence that REMI interfacing
can record specifically from both motor and sensory sub-modality axons in animals in which the
interfaced nerves are allowed to reinnervate their original targets organs in the skin and muscle

[35].

However, the fact that most peripheral nerves consist of mixed motor fibers and multiple sensory
sub modalities (i.e., limb position, skin deformation), a situation exacerbated in nerve
regeneration, makes the recording of motor axons and the selective electrical stimulation of
specific sensations highly unreliable. Despite such limitation, developmental, anatomical,
molecular, and electrophysiological evidence exists that suggests motor and sensory modalities

can be selectively activated by molecular signals.



1.1  Organization and function of the PNS

Normal peripheral nerves contain a mixed population of motor and sensory axons. In the rat
sciatic nerve there are approximately 15 times more sensory fibers compared to motor [36]. For
example, the human hand is populated by an estimated 17,000 touch sensing receptors that
provide information regarding small slips, skin deformation, limb position, etc. and contribute to
roughly 20 distinct modalities conveyed by several types of nerve fibers [9], [37]. In the glabrous
skin of the palms, the Ad afferents are rapid adapting (RA) neurons that innervate Pacinian and
Meissner’s corpuscles which are vibration receptors that encode texture [9], [38]. Conversely,
the highest spatial acuity of mammalian touch receptors proposed to represent object features
such as edges and curvature involve AP afferents that innervate Merkel cells. Early physiological
studies classified axons in the peripheral nerves based on axon diameter (AD) and conduction
velocity (CV) (Table 1.1). In a mixed population of axons, two biophysical properties presents a
challenge in attempts to selectively activate one specific population of axons without
concomitant activation of the neighboring population [39], [40]. The axon distance between the
electrode and diameter of the nerve fiber determine the time of activation. Axons close to the
electrode require less current to activate. Additionally, large myelinated axons (i.e., motor and
proprioceptive) are depolarized with smaller currents than the small diameter fibers as described
by the current-diameter relationship [39]. Thus, efforts of stimulate naturalistic sensation is
challenging as the mixed nature of the nerve results in paresthesia from the indiscriminate

stimulation.



Table 1.1. Classifications of peripheral nerve fibers based on function, diameter, and conduction
velocity [4], [37].

Fiber Type Function Diameter (um) Conduction Velocity (m/s)
Myelinated
Aa | Motor efferents; 12-22 60-120
Proprioception
A8 | Tactile, proprioceptive 6-12 4-70
Ay | Gamma-motor efferents | 3-5 30-45
Aé | Pain, cold afferents 2-5 10-30
B | Preganglionic autonomic | 1-5 3-15
Unmyelinated
C | Thermal, pain, mechanical | 0.3-1.3 0.5-2
C | Postganglionic autonomic | 0.3-1.3 0.7-2.3

1.2 Guidance of axons using molecular cues during development

Developing axons are guided to their target using long-range diffusible and short-range surface-
bound factors. These factors are presented along the path of the growing axons and can exert an
attractive or repulsive force which include netrins [41], semaphorins [42], [43], ephrins and eph
receptors [44], [45], slit and robo receptors [46], neurotrophic factors [47], and morphogens [48],
[49]. These molecules are tightly controlled both temporally and spatially, thus playing a critical
role in orchestrating type-specific axonal navigation and target innervation [50]-[52]. Both

attractant and repellent molecules bind to specific receptors on the growth cone, which then



modulates the structure and dynamics of the actin cytoskeleton [48], [53]-[55]. These changes
enable the growth cone to either extend towards a specific direction or retract adjusting its
trajectory. Based on the fiber type and function, specific molecular cues or neurotrophic factors
(NTFs) are able to modulate growth and survival [56]. During development, axon projections are
guided towards their end muscle and skin targets by the means of NTFs. Ramon y Cajal first
postulated the role of NTFs in the guidance of motor and sensory axons to their targets [57]. This
was further confirmed by the “neurotrophic factor hypothesis” by Rita Levi-Montalcini in the
1940’s which stated that after numerous axonal projections reach their target, there is a limited
amount of target-derived molecules to promote survival [58]. This led to the discovery of the
first nerve growth factor (NGF) in the 1950’s, followed by related members such as brain-
derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5, which bind
to tropomyosin receptor kinase (Trk)A, TrkB, and TrkC, respectively; and to the common low
affinity p75 receptor [59]. Others include glial cell line-derived neurotrophic factor (GDNF) and
related molecules neurturin (NRTN), artemin (ARTN), and persephin (PSPN), which bind a two-
component receptor complex consisting of a GDNF binding domain (GFRa) and a signal
transducing domain (RET) [46]. Specific receptors expressed on the growth cone of the
extending axons interact with specific NTFs to guide motor axons from the spinal cord to the
muscle and sensory axons from the Dorsal Root Ganglion (DRG) to the skin, tendon, and muscle
[50]. Motor axon targeting to the muscle is mediated by GDNF [44] along with NT-3 for muscle
spindle innervation by proprioceptive sensory neurons [60]-[62]. Axon innervation to the
epidermis of the skin by nociceptive axons is guided by NGF. Sensory mechanoceptors include

two rapid adapting (RA): Meissner and Pacinian, and two slow adapting (SA) receptors: Merkel

10



and Ruffini Meissner’s corpuscles [9], [63], [64]. RA mechanoceptive axons express the cRet
receptor for glial-derived neurotrophic factor (GDNF) [65]. SA mechanoceptors express TrkB, a
receptor for both BDNF and NT4. In mature DRG neurons, BDNF is required for
mechanoceptive neuron function [66], and BDNF overexpression in the skin increases the
number of Merkel cells [67]. Conversely, the development of Pacinian corpuscles depends the
Ret and GFRa2, receptors for GDNF and Neurturin, respectively [68]. Nociceptive axons
express TrkA, mechanoreceptive neurons express TrkB, and proprioceptive fibers express TrkC.
Knock out mice for pro-apoptotic gene Bax, crossed with NGF or TrkA null mice, showed lack
of skin innervation by small caliber nociceptive and thermoceptive axons [69]. Meissner
corpuscles are absent in both BDNF and TrkB null mice, and Pacinian corpuscles are dependent
on the receptor tyrosine kinase Ret and the GPIl-anchored ligand GFRa2 [65]. NT-3/TrkC null

mice lack proprioceptive sensory neurons [55], [70], [71].

Apart from chemoattractants, chemorepulsive cues play a crucial role in creating patterns of
somatosensory innervation by restricting growth cone extension and branching [72].
Chemorepellents results in the collapse of the axon growth cone leading to changes in the
directional outgrowth or retraction. In the early 1980’s, studies revealed the presence of
inhibitory diffusible factor from the spinal cord that restricted sensory axon outgrowth toward
the ventral spinal cord in vitro [42], [73]. Semaphorins, one of the identified repellents, are the
most widely characterized for their role in sensory axon development. Sema3A, a member of the
Semaphorin family, contribute to the differential patterning of innervating axons at the target.

Knock-outs for the Sema3A receptors, PlexinA3 and A4, resulted in misprojections and
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disorganized innervation [72]. Another repellent is the contact-mediated action of the ligand
Ephrins and their “Eph” receptors. The expression of these factors during development allows
for tight coordination of motor and sensory projections, and knock-out of the Eph receptors

results in motor-sensory miswiring [45], [52].

1.3 Role of NTFs in survival and growth after peripheral nerve injury

Peripheral nerves intrinsically retain the ability to regenerate following injury and several
biological factors including cytokines and growth factors influence the efficacy of regeneration
[74]-[76]. Similar to development, trophic factors play a key role during regeneration.
Endogenous presence of growth promoting factors are upregulated following injury by Schwann
cells and the distal muscle and skin targets. The first evidence of trophic factors in axon
regeneration was discovered by Lundborg in 1982, by elucidating the growth promoting capacity
of the luminar fluid inside a nerve conduit. Application of the fluid resulted in the neurite
outgrowth from DRG cultures in vitro [74]. Further studies showed that a multitude of growth
factors are present after injury and demonstrated their role in survival and regeneration (Table
1.2). Exogenous application of these NTFs has promoted regeneration after chronic axotomy,
increased speed of regeneration, improved functional recovery, and increased neuron survival

[77], [78].
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Table 1.2. Neurotrophic and growth promoting factors after peripheral nerve injury.

Factors Regeneration Influence

Neurotrophin-3 (NT-3) TrkC expressing Proprioceptors [79], [80]
Neurotrophin-4/5 (NT-4/5) Mechanoceptors [81]

Nerve growth factor (NGF) TrkA expressing Nociceptors [82]
Brain-derived neurotrophic factor (BDNF) TrkB expressing mechanoceptors [83]

Glial cell derived neurotrophic factor (GNDF) = Ret expressing sensory and motor neurons
[84]

Insulin-like growth factors-1/2 (IFG1, IGF2) | Increase speed of regeneration [85]

Pleiotrophin (PTN) Motor neuron regeneration [86], [87]

Fibroblast growth factor (FGF) Proliferation of Schwann cell [88]

Vascular endothelial growth factor (VEGF) Angiogenesis [89]-[91]

Leukemia inhibitory factor (LIF) Motor pathway regeneration [92]
Ciliary neurotrophic factor (CNTF) Survival of motor neurons; reinnervation [93]
Interleukin-6 (IL-6) Enhance nerve regeneration [94]

1.4 Specificity of neurotrophins in axon regeneration and guidance

In addition to promoting survival and regeneration after peripheral nerve injury, recent studies
have also proposed the role of NTFs in guiding axonal regeneration and mediating target
recognition. Extensive studies with Y-tubes exposing the regenerating axons to different target

tissues including nerve, muscle, skin, and fat, have demonstrated a differential effect of tissues
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on nerve regeneration. Specifically, when given a choice between nerve, muscle and fat,
myelinated axons grew preferentially towards the nerve stump and the muscle compartments
[95]-[98]. This was further validated using a nerve transection and repair in rat femoral model
where regenerating motor axons preferentially reinnervated the muscle pathway as opposed to
the cutaneous [99]. Different Schwann cell phenotype present in the sensory and motor branch
showed differential expression of NTFs thereby influencing the directional growth of
regenerating axons [100]. Schwan cells in the motor branch upregulate the expression of GDNF
and pleiotrophin (PNT), whereas NGF, BDNF and GDNF are overexpressed in the sensory
branches [100]. An increased in up-regulation of BDNF, GDNF, and NT-3 expression was also
observed at the denervated muscle target [L01]. The difference in the expression of the NTFs
suggest their role in guiding axon subtypes. This was demonstrated using adenoviral expression
of NGF in the sensory branch of the femoral nerve following transection and repair to directing
regenerating sensory axon to that branch. This resulted was validated by calcitonin gene-related
peptide (CGRP) positive expressing sensory axons choosing the correct pathway as opposed to
entering the motor branch [102]. Furthermore, Romero et al. showed that NGF expression in the
dorsal lamina increased the number of regenerating adult nociceptive axons into the spinal cord
following injury [103]. These studies demonstrate the role of NTFs to achieve neuron-type

selective regeneration in the presence of an intact distal target.

Recently we have demonstrated that compartmentalized diffusion delivery of NGF and NT-3
preferentially entice the growth of TrkA+ nociceptive C-fibers and large diameter sensory

neurons in vitro [104]. This was further showed in vivo using a “Y” nerve guide to compare the
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natural segregation enticed by mostly motor (tibial) or sensory (sural) axon fibers compared to
that enticed by NGF and NT-3 containing chambers. Optical densitometry showed large
myelinated axons labeled with N52 antibody were observed growing towards the tibial nerve or
NT-3 filled chambers compared to collagen filled compartments. Here we extend our initial
observations by evaluating the use of specific NTFs (NGF, NT-3, BDNF, GDNF, and PTN) to

modulate the sensory/motor neuron ratio following nerve regeneration without distal targets.

1.5  Research objective and dissertation organization

Achieving a greater concentration of axons from a particular neuron subtype is expected to
provide more sophisticated and selective peripheral nerve interfaces. In this work we hypothesize
that sensory-motor ratio in regenerated amputated nerves can be influenced in regenerated
segments using a Y-shaped nerve conduit with differential presentation of specific molecular

guidance cues.

In Chapter 2, single molecular guidance cues will be used to determine if the nerve fascicles
regenerating into a Y-shaped nerve conduit are electro-competent, and whether the
sensory/motor neuron ratio of the fascicles are altered in vivo. The electrical competency will be
measured by compound nerve action potential (CNAP), retrograde labeling will be used to
evaluate sensory and motor neuron regeneration, and normal axon morphology will be analyzed

using electron microscope (EM) analysis.

Chapter 3 will use different combination of molecular attractants to evaluate if the sensory/motor

neuron ratio in the regenerated fascicles can be modulated in a choice assay. The specific aim is
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to selectively guide the growth of motor and sensory axon subtype into separate compartments.
BDNF/GDNF combination growth factors will be used for motor axon while NGF or PTN will
guide sensory axon into the adjacent compartment. The effectiveness of difference molecular
attractants will be compared to distal nerves in continuity and end organ targets (muscle and

skin).

Chapter 4 extends the approach used in Chapter 3 to improve the efficacy sensory/motor neuron
ratio by using the chemorepulsive effect of semaphorin 3A (sema3A). Sema3A in combination
with a BDNF, a chemoattrative cue, will limit the regeneration of NGF* axons and guide this
sensory subpopulation towards the adjacent compartment containing NGF. This study will aim to

increase sensory/motor ratio in the NGF compartment.
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CHAPTER 2
ELECTROCOMPETENT REGENERATION OF BIFURCATED NERVE FASCICLES

USING SINGLE GUIDANCE CUES

21 Introduction

Molecular cues guide developing axons to their targets using long-range diffusible and short-
range surface-bound factors. These molecules include netrins [41], semaphorins [42], [43],
ephrins and eph receptors [44], [45], slit and robo receptors [46], neurotrophic factors [47], and
morphogens [48], [49]. These molecules are tightly controlled both temporally and spatially, thus
playing a critical role in orchestrating type-specific axonal navigation and target innervation
[50]-[52]. Both attractant and repellent molecules bind to specific receptors on the growth cone,

which then modulates the structure and dynamics of the actin cytoskeleton [48].

Neurotrophic factors (NTFs) include members of the neurotrophin family such as nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and
neurotrophin-4/5, which bind to tropomyosin receptor kinase (Trk)A, TrkB, and TrkC,
respectively; and to the common low affinity p75 receptor [59], [105]. Others include glial cell
line-derived neurotrophic factor (GDNF) and related molecules neurturin (NRTN), artemin
(ARTN), and persephin (PSPN), which bind a two-component receptor complex consisting of a

GDNF binding domain (GFRa) and a signal transducing domain (RET) [46].

During development, motor axons from the spinal cord and dorsal root ganglia (DRG) sensory

neurons that form the somatic peripheral nerves; are guided to specific areas in the muscle and
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skin, respectively by their differential expression of NTF receptors [50]. GDNF is essential in
muscle targeting by the motor neurons [44], nociceptive axons depend on NGF for innervating
the epidermis, BDNF is needed to guide mechanoceptive fibers to the dermis, and NT-3 is
necessary for the innervation of muscle spindles by proprioceptive sensory neurons [60].
Nociceptive axons express TrkA, mechanoreceptive neurons TrkB, and proprioceptive fibers
TrkC. Knock out mice for the pro-apoptotic gene Bax, crossed with NGF or TrkA null mice,
showed lack of skin innervation by small caliber nociceptive and thermoceptive axons [69].
Meissner corpuscles are absent in both BDNF and TrkB null mice, and Pacinian corpuscles are
dependent on the receptor tyrosine kinase Ret and the GPl-anchored ligand GFRo2 [65]. NT-

3/TrkC null mice lack proprioceptive sensory neurons [55], [70], [71].

Following adult peripheral nerve injury, Schwann cells in motor and sensory nerves
differentially up-regulate NTFs. Schwan cells in damaged motor branch increase the expression
of GDNF and pleiotrophin (PNT), whereas NGF, BDNF and GDNF are overexpressed in injured
sensory branches after injury [100]. This differential up-regulation of NTFs have also been
reported at the distal target, as BDNF, GDNF, and NT-3 expression increases in the denervated
muscle [101]. These NTFs have been shown to enhance nerve regeneration by promoting axon
growth across the injury site and improving functional recovery [106]-[109]. NGF enhanced the
regeneration of TrkA nociceptive neurons [102], [103]; NT-3 promotes TrkC expressing
proprioceptors [62], [110], [111]; BDNF enhance regeneration of TrkB mechanoceptive fibers
and motor neurons [66]; GDNF stimulate outgrowth of RET expressing sensory and motor

neuron [106], [112], [113]; and PTN promotes motor neuron regeneration (summarized in Table
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2.1) [87]. More recently, the role of such NTFs in guiding axonal regeneration and mediating

target recognition has been investigated.

Table 2.1. Summary of the NTFs with the receptor and function

Growth Factor Cell Types Receptors Function Reference

NGF Nociceptive C- TrkA; P75 Pain sensation [102], [103],
fibers (small axons) [114]

NT-3 Proprioceptive TrkC; P75 Proprioception [62], [110],
fibers (small Ad and [111]

large Aa, Ab axons)

PTN Multiple cell types | ALK, PTPB/{, and | Various [86], [87]
Syndecan-3
BDNF Mechanoceptive TrkB; P75 Object feature [66], [77]
fibers (large axons detection

Aa, Ab axons);

Motor

GDNF Mechanoceptive cRET Vibration and [106], [112],
fibers surface pressure | [113]
large axons Aa, Ab detection

axons); Motor

We have previously reported that NGF can entice the regeneration of adult nociceptive
(calcitonin gene-related peptide; CGRP) central axons [103]. In the injured femoral nerve,
sensory axons randomly choose a motor or a sensory branch at the bifurcation, however, the
induced expression of NGF in the sensory branch significantly increases the number of

nociceptive CGRP-positive neurons choosing this pathway [102]. This study demonstrated that
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neuron-type selective regeneration could be achieved by the expression of specific NTFs while a
distal target is intact. Furthermore, we have recently demonstrated that NTFs could entice the
regeneration of sensory axon subtypes in vitro using NGF and NT-3 [104]. We also showed that
NT-3 can guide the regeneration path of axons into a separate chamber. Here, we extend our
initial observations by evaluating the effect of NGF, BDNF, NT-3, GDNF, and PTN in
regenerating nerve fascicles that are electro-competent and determine if the guidance of sensory
and motor neurons into separate closed compartments can alter the sensory/motor ratio. A “Y”
conduit was sutured to a transected mixed sciatic nerve with luminar neurotrophin-release by
microparticles in one arm, and compared to the non-specific bovine serum albumin (BSA)
control in the adjacent arm in a closed end conduit with no distal muscle and skin targets. Our
results indicate that 97% of the regenerated nerve fascicles were electrically conductive. The
recorded CNAPs showed multiples peaks, with conduction velocity ranges from 1-35 m/s.
GDNF and BDNF showed preference for motor neurons compared to NGF, NT-3 and PTN.
Sensory neuron regeneration was comparable between all groups and sensory subtype
breakdown showed no selectivity between the NTFs and BSA arm. Axon morphometric analysis

confirmed that the elongated nerve segment has a normal structure and myelination.

These results indicate that individual NTFs are capable of enticing axon subtype regeneration in
the absence of distal guidance target. Additionally, the regenerated nerve fascicles maintain their
ability to conduct action potentials. A number of regenerative strategies, including regenerative
neural interfaces such as the REMI [33], [115] may be able to incorporate specific molecular

guidance cues to control axonal regeneration and differentially attract axons into separate
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compartmentalized electrode chambers, which in turn could offer a more selective neural

interface for the control and feel of robotic prosthetic devices.

2.2 Materials and Method

2.2.1 Microencapsulation of neurotrophic factors

Biodegradable microparticles were made with poly(DL-lactic-co-glycolic acid) (PLGA) using
the double emulsion method as reported previously [90]. Briefly, PLGA 50:50 (Lakeshore
Biomaterial, St. Louis, MO) was dissolved in dichloromethane (DCM) 200 mg/ml (Sigma-
Aldrich, St. Louis, MO), and mixed with aqueous solutions of human recombinant NGF (7S,
13.5 kD; Invitrogen), BDNF (27 kD), NT-3 (13.6kD), GDNF (15 kD), or PTN (15.4kD)
(20pg/ml; Prepotech Inc, NJ) or BSA (20 pug/ml; Sigma-Aldrich). This solution was then added
to polyvinyl alcohol (20 mg/ml) and emulsified. The MP solution was stirred for 1-2 hours to
remove excess DCM, centrifuged at 4000 rpm for 15 minutes to pellet the particles and separated
from the supernatant. The resulting MPs were transferred to -20°C for 2 hours, to -80°C
overnight, freeze dried for 48 hours and stored at -20°C until used. Loading efficacy was
calculated at 67 £ 5%. The particles were evaluated by SEM (Hitachi S-3000 N) and the particle
size distribution estimated at 800 nm using a Zeta Pals, Zeta Potential Analyzer (Figure 2.1 A).
PTN and NGF release into PBS from MPs was evaluated at 37°C in a shaker incubator at hourly
intervals, daily for a week, and weekly after that for 4 weeks, and quantified by ELISA
(PTN;TSZ ELISA, HU9951) (Figure 2.1 B). BSA release was quantified using the BCA assay

(Thermo Scientific, Rockford, IL) and read at 562 nm.
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Figure 2.1. PTN microparticles formulation and release over time. A) SEM image of the PTN
microparticles (Scale 2 pm). B) Cumulative PTN release over 28 day time period. (Adapted from
Alsmadi 2014.) [116]

2.2.2 DRG bioactivity assay

Neonatal (PO - P4) mice (CD1) were dissected and whole dorsal root ganglia (DRGSs) were
collected in L-15 Medium (Leibovitz). The DRGs were cleaned of connective tissue and placed
in poly-D-lysine (PDL) coated glass-bottom wells suspended in 10 pl of atelomeric chicken
collagen (85 % type I, 15 % type II; Millipore; Temecula, CA). The explants were incubated at
37°C with 5% CO> for 15 minutes to allow gelation before adding 200 pl of Neurobasal A media
(Sigma Aldrich) supplemented with 2% B27, 0.5% penicillin/streptomycin, and 0.75% L-
glutamine. NTF MPs were compared to recombinant proteins at previously reported
physiological concentrations: NGF, BDNF and PTN were tested at a 100 ng/ml, GDNF at 50
ng/ml and NT-3 at 5 ng/ml. The NTFs and NTF-MPs were added 24 hours after placing the
DRGs and cultured for 5 days. Control DRG explants were incubated in BSA-MPs. The DRGs

were fixed for 15 minutes in 4% PFA, rinsed and stored at 4°C.
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2.2.3 DRG in vitro immunocytochemistry

Fixed DRGs were permeabilized in 0.5% PBS-Triton X100 for 5 minutes. Non-specific staining
was blocked with 4% normal donkey serum for 1 hour, followed by incubation with a mouse
anti-p tubulin III antibody (1:400; Sigma Aldrich) overnight at 4°C. After rinsing, the tissue was
incubated for 1 hour with a Cy2-conjugated donkey anti mouse antibody (1:400; Sigma Aldrich,
St. Louis, MO). The stained tissue was imaged on a Zeiss confocal microscope (Zeiss Axioplan 2
LSM 510 META). Axonal growth was estimated from 3 DRGs per treatment. Z-stacks were
imaged at 20X magnification (20 images each at 15.4 um slice thickness) and individual axons
were traced and measured from the edge of the DRGs to the axon terminals (Figure 2.2).
Compared to control and BSA MP, the average axonal length for PTN and PTN MP was

significantly higher (P < 0.001).
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Figure 2.2. PTN-MP bioactivity assay show neurite outgrowth from DRG explants. A & B)
Representative images of DRG explants exposed to recombinant PTN and PTN-MP. B)
Comparison of axonal length (mean + SEM) for recombinant PTN, PTN-MP, BSA-MP, and
media only control (CTR (-)). Significance indicated by * (P < 0.05) and *** (P < 0.001).
(Adapted from Alsmadi 2014.) [116]
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2.2.4 Y-tube nerve guide fabrication

Biocompatible thermoplastic elastomeric Y-shaped conduits were prepared using molds made
with dental wax (Polysciences Inc., Warrington, PA). The molds were dipped-coated 5-6 times
into 5% poly(ester urethane urea) in hexafluoro isopropanol solution to achieve a wall thickness
of approximate 0.25mm according to previously reported methods [117], [118]. The coated tubes
were dried overnight at room temperature, after which the dental wax was removed from the
conduits by washing with hexane solution. The Y-conduit common segment measured 5 mm and
each of the two arms measured 5-7 mm from the bifurcation, with 1.5mm ID and total length of

10 -12 mm (Figure 2.3).

Y-tube conduits were sterilized with 70% ethanol (15 min) followed by UV light
irradiation (20 min). As previously described, collagen type I/11l (EMD Millipore, Billerica, MA)
was used to fill the lumen of the Y-conduit. The common arm was filled with collagen using a
28g insulin syringe up to the bifurcation and allowed to polymerize at 37 °C for 10 minutes. The
"Y" arms were then filled with 10 pL of NTF-MP or BSA-MP mixed with collagen and

polymerized at 37°C for another 10 minutes before implantation.
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PEUU Solution

| 10.0 — 12.0mm |

Figure 2.3. Fabrication steps of PEUU Y-conduit. A) Y-shaped molds prepared from dental wax
are dipped multiple time in a solution of PEUU solution (B & C). D) Dental wax was cleared
after multiple washes and Y-conduit trimmed to appropriate size. (Figure prepared with the help
of Dianna Nguyen.)

2.2.5 Y-tube implantation into the transected sciatic nerve

Forty-two adult female Lewis rats were included in the study. All animals received BSA MPs in
one arm and the other arms were divided equally into five experimental NTF-MP groups (NGF,
NT-3, BDNF, GDNF, and PTN), a positive (2mm nerve segment ligated distally), and a negative

(BSA) control; (Figure 2.4 A). Animals were anesthetized with isoflurane (2-2.5%) in 100%
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oxygen. Once adequate depth of anesthesia was attained, the sciatic nerve was exposed by
muscle-sparing incision between the semitendinosus and the bicep femoris muscles. The exposed
sciatic nerve was transected proximal to the trifurcation. A 2 cm segment distal to the
transection site was removed to prevent the contribution of other external guidance cues. The
proximal nerve segment was attached to the common arm of the Y-conduits using 9.0 nylon
sutures. The distal ends of the Y-tube were capped by adding 1.5% agarose (Figure 2.4 C). The
muscles were then closed using 4.0 silk suture, and the skin stapled. Prophylactic topical
antibiotic ointment was applied to the wound. All animals received antibiotic (cephazolin;
5mg/kg, IM) and pain control (sustained 3-day release Buprenorphine; 0.1 mg/kg, SC) post-
surgery. Experimental time for regeneration is set at 45 days and subsequent procedures as
described in Figure 2.4 B. All animal procedures were performed in accordance with the
guidelines of the Institutional Animal Care and Use Committees of The University of Texas at

Arlington and The University of Texas at Dallas.
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Figure 2.4. Implantation of Y-conduit and experimental timeline. A) Schematic representation
of Y-conduit implant into the sciatic mixed nerve. One arm contains an attractant (NGF, GDNF,
BDNF, PTN, or NT-3) and the other BSA control. B) Experimental timeline following Y-conduit
implantation. C) Representative image of the Y-conduit implantation with an attractant in one
arm and BSA control in the other. The ends of the conduit are closed using 1.5% agarose.
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2.2.6 Modeling MP-NTF release in Y-shaped conduits.

We estimated the amount of NTF MPs needed to provide sustained release for 30 days in each
arm of the Y-conduit with minimal mixing by modeling the protein release and diffusion of the
NTF MP as previously reported [119]. Briefly, finite element analysis (COMSOL, Inc.) was used
to model the NTF concentration and diffusion in the collagen-filled lumen. One arm of the Y-
conduit was modeled for PTN release and another for BSA, according to the parameters

specified in Table 2.2.

Table 2.2. Dimension and diffusivity values for protein release from PLGA microparticles in

collagen.
Parameter Value Description
D prn 7.6 x102 m2/s [119] Diffusivity of PTN in 0.1% collagen
D Bsa 2.2 x 10 [120] Diffusivity of BSA in 0.1% collagen
ID 1.5mm Channel ID
L 5 mm Channel length
V microchannel | 10 pl Volume of conduit NTF or BSA-arm
d microparticle | 2 um Diameter of PLGA microparticles
Ttotal 1.34ng Total amount of releasable PTN in the arm

The following equations were used:

P =Kt" [Equation 1]
Percent drug released (P) equals the release constant (K) over time (t). Values of K and n were

calculated to be 3.148 and 0.221 from the PTN release data. We estimate PTN diffusivity in
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collagen by assuming the molecular structure closely resembles that of NGF in collagen based on
their similar molecular weight [120], [121]. NTF diffusion into the collagen-filled lumen is based
on Fick’s 2" law [122]:

2 =V.(DVC) +R [Equation 2]

C is the concentration in mol/m3, D denotes the diffusivity in m?/s, and R represents the rate of

drug release from the PLGA microparticles in mol/m3s. Since R is the rate of drug release per

unit volume, we formulate R to be:

_ Mcap :
R = —-— [Equation 3]

Where M is the moles of drug within a PLGA microparticle of volume V (in m®). The
computational domain was discretized using 2" order Lagrangian tetrahedral volume element.
Our model predicts the concentration of the BSA and PTN release throughout the experimental
time period. From Day 1 to 10 there is a gradient formation in the conduit arm with higher
concentrations at the capped distal end which is impermeable to large molecules (Figure 2.5).
The concentration across the length of the arm in the lumen of the conduit is quantified in Figure
2.6. The arrow head located at different days on the figure represents the approximate location of
the nerve during regeneration. Assumptions for this model are described below:

e Surface and bulk erosion of the PLGA microparticle and collagen are ignored.

e Diffusivity of the proteins are considered isotropic and constant.

e The size of the PLGA microparticles were limited to 2 um
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e The half-life of the growth factors was not considered as well as axonal uptake

during regeneration over time.
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Figure 2.5. Diffusion of PLGA microparticles loaded with NTF and BSA over a 30 day time
period. The top arm represents PTN-MP release and BSA-MP release in the bottom arm. Arrow
heads at each time point indicates approximate position of nerve regeneration. (Figure prepared
with the help of Lokesh Patil)
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2.2.7 Retrograde labeling and quantification of motor and sensory neurons

The number of motor and sensory neurons that regenerated into each of the "Y" conduit arms
was visualized using retrograde labeling from the distal end of the regenerated arms. The number
of motor neuron cell bodies visualized in the ventral spinal cord indicated motor axon
innervation, and the number of labeled cells in the DRG determined the number of sensory
neuron regenerated into each compartment. Briefly, 45 days post implantation, the Y-tube
conduit was exposed and the distal edge of the regenerated nerve was isolated by removing a 2
mm tube segment. A reservoir was made around the expose nerve segment using sterilized
vaseline. Vaseline was also injected at the bifurcation site to prevent leakage of the retrograde
label into the common arm. FluoroGold (FG) and FluoroRuby (FR) (5 pL of 4%; Fluorochrome
LLC, Denver, CO) was applied to the exposed nerve for 1 hour, avoiding cross contamination
with the other arm. The exposed nerve segment was rinsed with saline to remove any excess
retrograde label and the vaseline removed. The Y-tube was placed back under the muscles and

the wound closed as described above.

2.2.8 Compound Nerve Action Potentials (CNAP)

The functionality of the regenerated nerves into the arms of the Y-conduit was confirmed by
electrophysiological evaluation. Seven days following the FG-labeling, the entire regenerated
nerve was exposed (10-12 mm). Two Pt hooks electrodes (FHC Inc., Bowdoin, ME) were placed
in the nerve with one at the sciatic notch, proximal to the implant for stimulation, and the other at
the most distal segment of the Y- arm segment (recording). The CNAPs were evoked by

stimulating at 0.5-3V using biphasic pulses at 2 Hz, and a pulse width of 30 us (A-M Systems,
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Sequim, WA). The voltage was determined as three times the amount needed to evoke a CNAP
(supramaxiamal) to ensure activation of all fiber types within the regenerated segment. The
response was recorded using Omniplex Data Acquisition System (Plexon Inc., Dallas, TX) at 40
kHz sampling frequency at a bandwidth of 300-8000 Hz.

A custom MATLAB algorithm was used to measure the individual peaks latency of the response
and determine their conduction velocity. Using the spike-triggered averaging method, the
number of events plus the response was averaged. The latency was measured from the start of
the stimulus to the individual response peaks. The conduction velocity for each peak was then

calculated based on the distance between the stimulating and recording electrode.

2.2.9 Histology

Following the electrophysiological evaluation (52 days post-implantation), the animals were
sacrificed by overdose injection of sodium pentobarbital (120 mg/kg, IP) followed by
transcardial perfusion with 4% paraformaldehyde (PFA). The regenerated Y-nerve were
harvested and postfixed in 4% PFA/2.5% glutaraldehyde in 0.1 M Cacodylate buffer for EM
processing. The spinal cord and the L4 and L5 Dorsal root ganglion were isolated, post fixed and
cryoprotected in 30% sucrose prior to OCT embedding for cryosection. The spinal cord tissue
was cut in the sagittal plane at 20 um thickness and the DRG cross sections at 10 pm thickness.
The sections were mounted onto glass slides serially and stored at -20C until used.
Hematoxylin and Eosin (H&E) staining were performed on nerve-cap segments for signs of
necrosis. Following nerve harvest, distal nerve segments were paraffin embedded and cross
sections were obtained at 10 um thickness. The samples were deparaffinized using xylene and

ethanol washes. Hematoxylin was added onto the sample for 4 minutes followed by 3 washes

34



with dH20. Eosin counter stain was added for 2 minutes and then slides washed again with dH>O

three times and were cover slipped.

2.2.10 Quantification of retrograde labelled motor and sensory neurons

All slides were rinsed in PBS to remove the OCT and treated for lipofuscin reduction by
incubating the tissue in 750 uM cupric sulfate/50mM ammonium acetate for 40 minutes as
reported elsewhere [123]. The tissue was then rinsed in PBS and cover slipped using immuno-
mount (Fisher Scientific, Waltham, MA).

The FG+ and FR+ cells in the spinal cord and DRG were identified with a Zeiss fluorescence
microscope using a wide band ultraviolet (UV) excitation filter. To prevent double counting,
only positive retrograde labelled cells with a distinct nucleolus were included. Positively labelled
DRG were also counted and the area was analyzed using the analyze particle option using
ImageJ image processing tool. The DRG soma area was categorized into small (< 300um?),
medium (300pum? < x < 700pum?), and large (700pm? <). Multiple counting of motor or sensory
neurons were corrected by accounting for section thickness and split nuclei count using methods

described by Abercrombie [124].

2.2.11 EM morphometric analysis

A subset of experimental groups (nerve-cap, GNDF, NGF, PTN and respective BSA
compartments) were processed for EM (n=3 per group) to evaluate the axon type composition
and myelination. The fixed tissue was embedded in plastic and section at 1 pum thickness using
an ultra-microtome. The thin sections were stained with toluidine blue and photographed.

Osmium stained sections were visualized using a JEOL LEM 1200 EX Il microscope. Five to six
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fields of view per section were imaged (4000x magnification) and analyzed for the number of
unmyelinated and myelinated axons, fiber (axon + myelin) diameter, axon diameter, and g-ratio,

using ImageJ software.

2.2.12 Statistical analysis

The groups were compared using one-way ANOV A and Bonferroni’s ad-hoc multiple
comparison test using Prism 6 software (GraphPad Software Inc.). A p <0.05 was considered

statistically significant. The data is presented as the mean + standard error of the mean.

2.3 Results

2.3.1 Bifurcated nerve regeneration is comparable among all groups.

Gross evaluation of the regenerated nerves into the Y-shaped conduits 45 days after implantation
demonstrated that nerve growth into the separate chambers were similar among all groups
(Figure 2.7). We confirmed that nerves regenerated along the 5 mm common arm and bifurcated
into two similar size branches (4-5mm), as it entered into the NTF- or BSA-arms of the Y-
conduit (Figure 2.7 A). In all cases the nerves grew into the center of conduit filling about 30-
40% of the available cross section area (1.5 mm), before stopping at the agarose-capped end. The
nerve diameter between the groups showed no significant difference and the length of the
individual regenerated arms were similar as well (4-6 mm) (Figure 2.7 B). Histological analysis
confirmed a normal perineurium and endoneurium composition in all treatment groups. The area
occupied by axons in the tissue was estimated from a cohort of 3-6 animals per group and

showed that axons fibers filled 73.8 + 19.3% of the cross sectional area. In all cases a small area
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containing collagen devoid of axons was seen primarily at the center of the NTF and BSA arms.
No significant differences were observed by the specific NTF treatment compared to BSA at the

gross anatomical level.

The distal nerve-cap segments used as non-specific control was histologically analyzed for
necrosis using H&E staining. Absence of clustered nuclei staining suggests the tissue did not
undergo a necrosis process (Figure 2.8). The pale pink region in the middle of the tissue is

indicative of collagen.

37



a1-BSA arm

a2-PTN arm

w
®
=3
S

2y
S
e

Regenerated Nerve Arm Diameter (nm)
S 8
? o

o

. = w
L 88 o g =z F
g § =@ § a
g @

o 9

§ §

z =

_<

Figure 2.7. Comparable Y-nerve regeneration using NTF-MP with no distal targets. A)
Representative image of a regenerated Y-nerve and toluidine stained semi thin sections for the
BSA arm (al) and PTN arm (a2). B) Similar regenerated nerve diameter across the experimental
groups. Data presented as mean + SEM. No statistical significance observed.
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Figure 2.8. H&E staining of the two nerve-cap segments distally attached to the regenerated
nerve arm.

2.3.2 Regenerated nerve fascicles show electrical competency

Electrophysiological recordings from the regenerated Y-nerve were obtained by measuring
CNAP from the individual regenerated nerve fascicles (Figure 2.9). Multiple peaks were
observed following activation of different fiber types and the latency was measured. Conduction
velocity (CV) was calculated after spike triggered averaging, and the values were categorized

into slow (< 5 m/s), medium (5 < x <30 m/s), and fast (> 30 m/s) (Figure 2.10 B & C). A peak
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was considered a response if the amplitude was 10% or more than the baseline noise level which

ranged from -0.003 to +0.003 mV.

The number of peaks observed among the NTF groups ranged from 1-3 peaks and showed no
difference between the groups (Figure 2.9 D). Each CNAP response was then categorized based
on CV and the incidence peaks were analyzed for each experimental group to identify any
indication of NTF selectivity (Table 2.3). Majority of the peaks were in the medium velocity
range (51.6 £ 17.3%) with fast (27.7 + 14.6%) and slow (20.7 = 12.3%) range peaks have limited
number of occurrences. Comparison between the NTF and BSA control groups showed no

difference in any CV ranges.
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Figure 2.9. CNAP measurements show activation of different fiber composition at 45 days. (A)
Setup for measuring CNAP. Bipolar hook electrodes provided stimulus pulses and the response
recorded distally from the regenerated arms. (B) CNAP response at threshold stimulus and three
times threshold for maximum axon activation. (C) Representative recording showing the
stimulus artifact followed by three distinct peaks with different velocity ranges. CV
measurements separated by fast (> 30 m/s), medium (5 < x <30 m/s) and slow (< 5 m/s). (Figure
prepared with the help of Vidhi Desai)
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Table 2.3. CNAP peaks incidences observed within the velocity ranges. ‘+’ indicates one peaks
observed within the range. (#) indicates number of animals used to obtain CNAP response.

- Fast (>30 ms ) Medium (5 < x < 30) Slow (S5 ms )

NC (A) (6) +++++

NC (B) (6)  +++ +++

NGF (6) ++ ++++++ +++++
BSA (6) + ++++ +++
GDNF (6) ++++ +++++ ++
BSA (5) ++ ++++ +
BDNF (5) ++ ++++++ +++
BSA (5) +++ ++++ +++
PTN (4) ++ +++ +
BSA (3) ++ + +
NT-3 (4) ++ ++++

BSA (3) ++

2.3.3 Effect of single guidance cues on motor and sensory neuron regeneration

FluoroGold positive motor neurons were visualized in the spinal cord ipsilateral to the
implantation site (Figure 2.10). FluoroRuby traced cell were omitted for quantification due to
limited efficiency in retrograde label uptake. An uninjured control was used to determine
efficacy and the baseline of the number of ventral motor neurons. A one-way ANOVA analysis

showed a significant effect due to treatment (P < 0.05; F = 8.824; R? = 0.74). The number of
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ventral motor neurons (VMN) attracted by the nerve-cap segments were 424 + 176.4 and 400.3 +
377.8 respectively which was comparable to the total number of VMN in the uninjured control.
The number of VMNs in the PTN (101.3 £ 34.38), NGF (162.5 + 20.5), and NT-3 (160.0 + 54.5)
were comparable to each other. In sharp contrast to the PTN, NGF, and NT-3 groups, both
BDNF (388.5 + 295.8) and GDNF (476.6 + 242.6) showed an increased number of attracted
motor neurons comparable to the nerve-cap. Comparison of GDNF to its BSA arm (133.7 +

33.9) revealed a significant increase in the number of VMN (P < 0.05; Bonferroni’s).
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Figure 2.10. Limited enrichment of VMN by NGF, PTN, and NT-3. A) Schematic of FG
labelling at distal regenerated nerve end. B) Schematic representation of the VMN location in the
spinal cord and FG+ cells located ipsilateral. Arrows show positively labelled motor neurons. C)
FG+ motor neuron quantification show GDNF attracted a significant number compared to BSA
control and PTN. * indicates P < 0.05; data presented as mean + SEM. Scale bar = 100 pm.
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Positively labelled DRG sensory neurons were counted and separated by perikaryal (cell body)
size (Figure 2.11 A & B). Perikaryal size varies greatly and is roughly correlated with the
conduction velocity and the sensory modality [125], [126]. Cells with an area less than 300 pm?
were considered small, greater than 700 pm? was large, and in between were classified as
medium. DRG cell count showed greater than 50% reduction when compared to the uninjured
control which was in accordance with previous literature (Figure 2.11 C) [127]-[129]. The total
number of retrograde traced sensory neurons showed no difference between the NTF and the
BSA arms. Due to the low efficacy of FluoroRuby retrograde label, the BSA arms for the BDNF,
PTN, and NT-3 were omitted. Analysis of the sensory subtype based on perikaryal size also

showed no significant effect in the different size modalities.

Positively labeled VMN and DRG sensory neurons in each compartment of the conduit were
used to determine the sensory/motor ratio (Figure 2.12). The S/M ratio for uninjured control was
7.3 = 0.8 while nerve-cap A and B control showed ratios of 5.5 + 4.0 and 4.4 + 1.2 respectively
due to the decreased sensory neuron regeneration following injury. The ratios of NGF and
GDNF when compared to their respective BSA arms showed no significant effect. However,
among the NTF groups, PTN showed the highest S/M ratio of 9.2 £ 5.8 but could not be

compared to its respective BSA arm.
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Figure 2.11. Sensory neuron counts and perikarya size distribution. (A & B) Schematic of DRG
soma size distribution and representative image of FG+ cells of varying size (indicated by arrows
and arrow head). (C) FG+ sensory neuron count shows overall reduction in the number of
regenerated sensory neurons. (D-F) Perikarya size distribution for small, medium, and large.
Data presented as mean + SEM. Scale bar = 50 pum. (Figure prepared with the help of Martin

Tran)
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Figure 2.12. Ratio of FG+ sensory and motor neurons using single attractants show no difference
compared to the BSA arm.

2.3.4 Single NTFs effect on axon morphology without distal end-organ targets

Axon type composition and myelination were analyzed from a subset of NTF groups (Figure
2.13). Electron microscopic evaluation showed normal myelinated and unmyelinated axons
within the regenerated nerve fascicles. A one-way ANOVA showed a significant effect between
the NTF groups for unmyelinated axon count (P < 0.05; F=2.89; R?= 0.61) (Figure 2.14A). The
NGF arm (118.1 + 44.1) had significantly higher number of unmyelinated axon count compared
to PTN (66.3 + 26.8) (P <0.05; Bonferroni’s). GDNF and PTN showed no difference in number
of unmyelinated axon count when compared to their adjacent BSA arm. Group wise comparison

between the nerve-cap and NTFs also showed no difference. Conversely, no significant
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difference was observed in the number of myelinated axon count. The nerve-cap groups showed
lower number of myelinated axons without reaching significance. Comparison of myelin
thickness showed no difference between the NTF groups and their respective BSA control arms
(Figure 2.15 A). The fiber diameter for the NTF groups were on average was 1 pum smaller
compared to the nerve-cap groups (Figure 2.15 B). No significant effect was observed between

the experimental groups.
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Nerve-cap (B)

Figure 2.13. Representative SEM images of the regenerated Y-nerve arms showing myelinated
and unmyelinated axons. Scale bar = 10 pum.
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Scatter plots of g-ratio as a function of axon diameter was plotted for each experimental group
(Figure 2.16). Axon diameter was divided into small myelinated (< 1um), medium myelinated (1
<x <4 um), and large (> 4 um) based on axon size reduction following nerve injury [130]. The
nerve-cap A showed a different trend when compared to nerve-cap B, with more myelinated
axons and a g-ratio range from 0.4-0.6. Myelinated axons in the small, medium, and large range
were also present in the NTF groups, with the majority falling in the medium range with a g-ratio
range of 0.6 — 0.8. The smaller myelinated axons (< 1 pum), showed a higher degree of
myelination for GDNF and NGF with a g-ratio range from 0.4 — 0.6. Compared to the NTF
groups, their adjacent BSA arms showed similar trends, suggesting some degree of cross-

diffusion.
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Figure 2.16. Scatter plots of g-ratio as a function of axon diameter for different NTFs. Dotted
lines represents divisions of myelinated axons as small, medium, and large. Similar trends for
NTF and BSA arms observed.
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2.4 Discussion

Peripheral nerves are composed of a mixed population of motor and sensory subtypes [37], and
current methods of recording motor activity and eliciting sensory percepts have resulted in
concomitant activation of multiple fiber types leading to paresthesia [30], [39], [131], [132].
Regenerative based electrodes have demonstrated their capability in recording motor activity and
providing safe stimulation ranges [27], [33], [115], [133]-[135]. In addition, they also offer a
new venue to manipulate the pathway of regenerating axons for interfacing. Previously we
demonstrated the use of molecular cues to entice axon regeneration for such interfaces [104].
With this in mind, the current study evaluated the effectiveness of single molecular guidance
cues (NGF, NT-3, GDNF, BDNF, and PTN) to entice the regeneration of electrocompetent
axons and modulate the sensory to motor ratio using NTFs encapsulated in microparticles. The
NTF-MP were employed in a compartment of the Y-conduit and compared to a non-selective
BSA control in the other compartment. We adapted the mixed sciatic nerve model to investigate
the ability of specific NTFs to entice the growth of motor and sensory axon subtypes. Influence
in regeneration from the outside environment was minimized using agarose fillings at the distal
ends of the Y-conduit. The expression of NTFs in the arms of the Y-conduit established a
gradient that persisted throughout the experimental time point. Our results demonstrate
successful nerve elongation can be achieved in the absence of distal targets and in the presence
of a single NTF. The regenerated nerve fascicles showed electrocompetency in 97% of the cases
with different axon composition as represented by multiple peaks in the CNAP. Although
successful regenerated was observed, single NTF were shown to be insufficient to modulate the

sensory to motor neuron ratio.
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2.4.1 Regeneration in the absence of distal targets

Spontaneous regeneration following peripheral nerve injury has been documented previously
[136]. During regeneration, the distal nerve and end-organ targets provide a growth permissive
environment for the regenerating axon [107], [137], and exogenous application of NTFs in
addition to the presence of growth factors secreted by Schwann cells and end-organ enhance
regeneration [75], [79], [107]. However, in such paradigms, nerve regeneration was
accomplished in continuity with the distal target. In this study, we demonstrated that nerve
regeneration can be initiated and sustained over a 45 day time period without a distal target. The
single NTFs used in the Y-conduit arms enticed regeneration and sustained axonal growth and
maturation. The regeneration bifurcated midway in the conduit and stopped distally, forming
bulbous ends. This observation suggests a possible neuroma formation, however animals did not
display any signs of discomfort throughout the study. In a similar study, neuroma feature was
also observed after nerve regeneration was capped distally [138]. However, the method of
capping the distal end has been shown to suppress pain induced through the spontaneous ectopic
firing resulting from a neuroma formation [139], [140]. Moreover, the authors were able to
demonstrate the maintenance of the regenerated capped nerve over a period of nine months,

suggesting its application for neural interfaces can be established chronically.

2.4.2 NTF enrichment of sensory and motor neurons

Continuation from previously reported findings [104], an array of NTFs were tested here to see if
the sensory to motor ratio can be modulated in an in vivo choice assay. The ability of NTFs to

exert a regenerative force in the absence of end organ target and maintain electrical conductivity
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ensures the feasibility of the current approach. Semi-quantitative analysis of the CNAP
demonstrated multiple peaks within different velocity ranges suggesting the regeneration of
multiple neuronal modalities. Comparison of the number of peaks in the NTF compartment was
variable and also axon quantification of the area under the curve of the peaks also yield high
variability (data not shown). It is believed that the recording setup for CNAP was not sensitive

enough to visualize a difference in NTF specificity using bipolar hook electrode.

To determine neuronal composition, retrograde labeling was employed which revealed
regeneration of both motor and sensory neurons. Motor neuron regeneration by GDNF and
BDNF was comparable to the of nerve-cap control. This is in conjunction with previous studies
on their role in enhancing motor neuron regeneration; however this was in continuity to an end
target [84], [107], [113]. Conversely, PTNs role in enhancing motor neuron regeneration was not
observed in this current study [86], [87], [100], suggesting PTN by itself is not sufficient to
initiate motor neuron regeneration. PTN is expressed in Schwann cells, macrophages, and
endothelial cells resulting in an adaptive response following injury [141]. It is plausible that PTN
plays a key role in promoting synergistic effect only in the presence of distal nerve target. On the
contrary, PTN did show a high sensory/motor ratio which suggests PTNs feasibility in generating

a sensory rich nerve fascicle arm.

The presence of multiple axon subtypes can be attributed to the expression of receptors present
in both motor and sensory axons [59]. After peripheral nerve injury, axons and Schwann cells

express the low-affinity p75 receptors. NGF has been shown to induce a growth promoting effect
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through this receptor or indirectly by Schwann cells [142], [143]. Similarly, sensory neuron
regeneration into the GDNF compartment can be attributed to its receptor (RET, GFRa 1- 3)
expressed in large diameter DRG neurons as well as unmyelinated sensory neurons [144]. This
could explain the two-fold increase in the sensory count compared to NGF, which was expected

to yield a high sensory/motor ratio compared to uninjured control.

The non-selective BSA control arm also included motor and sensory axon subtypes regeneration.
Previous studies using BSA as a negative control showed minimal regeneration of axons
following peripheral nerve injury and repair [109]. In this study, the BSA was adjacent to the
NTF arm and showed a similar trend for g-ratio as a function of axon diameter (Figure 2.16).
This suggests that there was cross-diffusion of the NTFs into the bifurcation region resulting in
the axonal regeneration into the BSA compartment. Also, it should be noted that the neuronal
content in both the BSA arms in the GDNF and NGF groups show similar potency of
regeneration for both motor and sensory neurons, which would represent the baseline

regeneration level in the paradigm.

2.4.3 NTF effect in sensory/motor ratio

Interfacing a heterogeneous nerve for recording motor activity is known to be challenging as the
sensory neurons outnumber motor neurons ~15:1 [36]. In addition, the spatial arrangement of the
motor neurons are sparsely organized [145]. In this study, a Y-conduit was used to alter the ratio
of a regenerating heterogeneous mixed nerve into two separate compartments. Single NTFs show
it is feasible to regenerate nerve fascicles without distal targets, however modulating the sensory

to motor ratio could not be achieved (Figure 2.12). Additionally, the overall regenerative potency
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between the NTFs were different. GDNF showed comparable regenerative potential to nerve-cap
controls in motor and sensory neuron regeneration, whereas NGF and PTN saw a decrease of 50-
60%. The BSA control showed a greater than 70% decrease in the total number of regenerated
neurons. Even though BSA groups show no difference in the S/M ratio compared to their NTF

arms, overall regenerative capacity of the NTFs was better than the BSA treatment.

2.4.4 Future directions

An alternative approach to modulate the ratio would be to apply two different molecular
attractants in each of the compartments. Since the influence of a single attractant is not potent
enough to entice distinct regeneration, two attractants know to bind to two specific receptors in
the regenerating axon might be sufficient to modulate the S/M ratio. Apart from GDNF, we also
observed higher number of attracted motor neurons in the BDNF compartment. Axotomized
motor neurons express receptors for BDNF (trkB and p75) and has been shown to play a role in
motor neuron survival following ventral root avulsion [83], [146], [147]. Evaluation of the
synergistic combination of both GDNF and BDNF to enrich motor neurons to a compartment can
further improve the efficacy of peripheral nerve interface. Synergistic combination of NTF have
demonstrated enhanced regeneration compared to single factors [77]. In addition, using a

subtractive method to inhibit axon subtype also provides a venue into altering the S/M ratio.
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CHAPTER 3
MODULATION OF SENSORY/MOTOR RATIO USING MOLECULAR GUIDANCE

CUES

3.1 Introduction

Peripheral nerves are composed of a heterogeneous mix of axon types consisting of somatic
motor and sensory neurons as well as autonomic fibers. Despite being heterogenic, peripheral
nerves are somatotopically organized as fascicles targeting individual muscles and skin targets
[148]. However, for individuals with amputation, interfacing in the peripheral nerves can be
difficult as the somatotopic organization is less evident proximal to the distal injury site. The
intrinsic ability of the peripheral nerve to spontaneously regenerate following injury has provided
a gateway into interfacing at the residual nerve stump [136]. Regenerative based electrodes have
demonstrated the feasibility of interfacing in a mixed nerve to record motor activity and
stimulate sensory fibers for a bidirectional flow of information [25], [32]. Recently, we
developed a Regenerative Multi-electrode interface (REMI) capable of recording both motor and
sensory related activity in chronically injured peripheral nerves [33], [35]. In addition, the REMI
has been shown to provide safe physiological stimulation in the mixed nerve. However, the
mixed nature of the axonal regeneration provides difficulty in interpreting the nature of the
recorded signals and further makes precise sensory stimulation difficult due to concomitant

recruitment of axon fibers [35], [39].

During development motor efferent and sensory afferent projections are organized into

coordinate and functionally separate pathways. This sensory-motor heterotypic neuron
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segregation is the result of the repulsive interaction of ephrin-A ligands and its Eph receptors
[45]. Moreover, molecular attractive cues from the distal muscle and skin targets guide extending
axons and organize them into intra-nerve fascicles. The distal targets continuously express
specific NTFs to promote axon survival and maintenance. However, after injury the connections
are lost and the regenerating axons seeks its original target with the help of guidance cues. Days
following injury, the ventral root and muscle efferent nerve show increased expression of GDNF,
PTN, and BDNF, whereas the dorsal root and cutaneous nerve had increased expression of NGF,
HGF, VEGF, GDNF, and BDNF [100]. Additionally, the target end-organs play a vital role in
the guidance of regenerating axons with differential up-regulation BDNF, GDNF, and NT-3 by
the denervated muscle [101], [149]-{152]. Application of these NTFs have been shown to
enhance axon regeneration and improve functional recovery, and their recent roles in guiding

axonal regeneration has been demonstrated.

NGF is one of the most widely studied NTFs and its application in promoting sensory axon
growth has been demonstrated [109]. NGF role in axon guidance was previously reported where
induced lentiviral expression of NGF in the sensory branch of the femoral nerve enticed the
regeneration of CGRP™ axons towards that branch [102]. Similarly, NGF expression in the spinal
cord initiated sensory axon regeneration into the dorsal lamina [103], [114]. Additionally,
enhanced motor neuron regeneration was also observed in rats where both BDNF and GDNF
were exogenously applied. Retrograde labeling following nerve transection and repair showed an
increased number of regenerating motor axons using BDNF, GDNF, and both in combination

[77], [106], [108], [153]. These studies demonstrate that specific expression of NTFs can induce
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neuron-type selective regeneration. Furthermore, we have recently demonstrated the role of
NTFs in enticing sensory axon subtype regeneration in vitro using NGF and NT-3 [104]. We
showed that NGF was able to guide CGRP* axons to one chamber while NT-3 chamber showed
large diameter fibers. This was also translated in vivo using a “Y” conduit and verified. This
initial study was expanded to evaluate a number of NTFs including NGF, BDNF, NT-3, GDNF,
and PTN in the absence of a distal target in the previous chapter. We demonstrated that single
NTFs are capable of regenerating electrically competent nerve fascicles, however, single
attractants were insufficient to alter the sensory/motor (S/M) ratio. Though this study compared a
single NTF in one chamber of the Y-conduit versus a control (BSA), multiple NTFs have yet to

be incorporated into a single Y-conduit.

This current chapter aims to use the findings from Chapter 2 to determine if one compartment in
the Y-conduit can be enriched with motor axons while the other can increase the number of
sensory axons. Here we will use the Y-conduit to evaluate if BDNF/GDNF in one compartment
versus either NGF or PTN is able to enrich motor and small sensory subtype axons. We
hypothesized that the sensory/motor neuron ratio in regenerated nerve fascicles can be modulated

by different combinations of molecular attractants in a choice assay.
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3.2 Materials and Method

3.2.1 PLGA encapsulation of NTFs and bioactivity test

Microparticles loaded with NTFs were encapsulated using biodegradable PLGA using the double
emulsion method as described in Chapter 2. The concentration used for the NTFs are as follows:
human recombinant NGF (7S, 13.5 kD; Invitrogen), BDNF (27 kD), NT-3 (13.6kD), GDNF (15
kD), and PTN (15.4kD) (20ug/ml; Prepotech Inc, NJ) or BSA (20 pg/ml; Sigma-Aldrich). The
bioactivity of fabricated PGLA microparticles loaded with NTFs were tested on neonatal (P0-P4)
mice DRGs as mentioned in the previous chapter. All NTF-MP showed biological activity

comparable to the recombinant protein.

3.2.2 Y-tube implantation to the heterogeneous mixed sciatic nerve

Fifty-seven adult female Lewis rats were used in this study. Two control groups were used for
the study: 1) the motor related tibial fascicle and the sensory associated sural fascicles of the
sciatic nerve which were in continuity to their targets. The presences of NTFs released by end
target organs and motor and sensory phenotypic Schwann cells were evaluated. 2) The effect on
selectivity of end-target organs using muscle-cap and skin-cap. The NTF-MP groups consisted of
BDNF/GDNF (B/G) to enrich motor axons in one arm and the other arm with either NGF or
PTN for enticing regeneration of small diameter sensory fibers. The combination of
BDNF/GDNF was also compared to BSA control to determine the combinatory effect of
multiple NTFs in enticing axon subtype. The animals were divided equally into four
experimental groups; n = 12 per group (Figure 3.1). The Y-conduit implantation for the NTF-MP

groups were similar to the process described in Chapter 1. For the tibial and the sural branch, the
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Y-conduits were filled with collagen prior to implantation. The proximal stump of the sciatic arm
was sutured to the end of the Y-conduit (Figure 3.2 A). The distal stumps of the nerve were
separated and the tibial branch was sutured to one arm and the sural branch to the other. The end-
target group used a 2 mm segment of the bicep femoris muscle suture to one of the arms and a 2
mm segment from the plantar surface of the hind limb was sutured to the other arm (Figure 3.2
B). The distal end of the sciatic nerve was removed to prevent the contribution of other external
cues for the NTF and end-target organ groups. The muscles were then closed using 4.0 silk
suture, and the skin stapled. Prophylactic topical antibiotic ointment was applied to the wound.
All animals received antibiotic (cephazolin; 5mg/kg, IM) and pain control (sustained 3-day
release Buprenorphine; 0.1 mg/kg, SC) post-surgery. All animal procedures were performed in
accordance with the guidelines of the Institutional Animal Care and Use Committees of The

University of Texas at Arlington and The University of Texas at Dallas.
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Figure 3.1. Schematic representation of the experimental groups. A) Y-conduit sutured to the
mixed sciatic nerve with PLGA loaded NTFs in each of the arms. B) Mixed sciatic nerve
attached to the proximal end of the Y-conduit with the arms sutured to the sural and tibial nerve
targets. C) Y-conduit with 2 mm segment of muscle and skin attached to the distal arms of the Y-

conduit.
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Figure 3.2. Representative images of the implantation of experimental groups. A) Tibial and
sural branch sutured to the distal arms of the Y-conduit. B) Muscle and skin segments attached to

the distal lumen of the arms. C) Y-conduit loaded with NTF-MP in the individual arms and ends
closed with 1.5% agarose.

3.2.3 Analysis of the Regenerated Y-Nerve

Forty-five days post implantation, the number of motor and sensory neuron enrichments into
each of the Y-conduit arms was accessed by fluorogold (FG) retrograde labeling similar to the
process described in Chapter 2. Seven days post retrograde labeling, the functionality of the

regenerated nerve was confirmed using electrophysiological evaluation. Finally, the morphology
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of the axons composition (number of myelinated and unmyelinated axon, fiber diameter, axon

diameter, and g-ratio) was evaluated using ImageJ software.

3.2.4 Statistical Analysis

The groups were compared using one-way ANOV A and Bonferroni’s ad-hoc multiple
comparison test using Prism 6 software (GraphPad Software Inc.). A p <0.05 was considered

statistical significant. The data is presented as the mean + standard error of mean.

3.3 Results

3.3.1 Y-nerve Regeneration in the presence of multiple NTFs

Regeneration was confirmed at 45 days post implantation along the 5 mm length of the common
arm and then bifurcating into two 4-5 mm branches at the bifurcation as it entered into the
different compartments (Figure 3.3). Gross evaluation of the regenerated nerves was similar for
all groups that had no distal targets, filling about 30-40% diameter of the Y-conduit. The nerve-
target group showed slightly larger diameter on the muscle related tibial branch when compared
to mostly sensory sural branch, similar to the pre-implantation anatomical size. Histological
analysis confirmed a normal perineurium and endoneurium composition in all treatment groups
(data not shown). Moreover, a relative small area devoid of axons was seen primarily within the
center of the nerve. Necrosis of the end-target organs distally attached to the Y-conduits was
analyzed using H&E (Figure 3.4). Aggregation of blue color nuclei staining were absent from the

distal ends. Muscle segments were stained in deep pink and the skin components in light pink.
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Figure 3.3. Representative images of the regenerated nerves. A & B) Regenerated nerves for the
control groups consisting of nerve-target and end-organ target. C) NTF-MP group in
combination versus non-selective BSA control. D & E) NTF-MP for motor enrichment versus
sensory enrichment.
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Figure 3.4. H&E staining of muscle and skin capped ends of the regenerated nerve. Muscles are
stained deep pink in the upper image and skin cells pale pink (center region).
3.3.2 CNAP shows electrically competent Y-nerve regeneration

Electrically conducting axons were confirmed from all groups using electrophysiology
recordings of CNAPSs. Distribution of fiber size and myelination produced multiples peaks and

the latency was calculated for each peak. Conduction velocity (CV) was calculated following
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spike triggered averaging, and the values were categorized into slow (< 5 m/s), medium (5 <x <
30 m/s), and fast (> 30 m/s) (Table 3.1). All experimental groups showed peaks in the three
ranges. However, the 45-day initial evaluation showed high variability in the peaks suggesting

the axons are still in a state of flux.

Table 3.1. CNAP peaks incidences observed within the velocity ranges. ‘+’ indicates one peaks
observed within the range. (#) indicates number of animals used to obtain CNAP response.

- Fast (>30 ms1) | Medium (5 < x < 30) Slow (< 5 ms)

Tibial (5) +++++ ++++ F++++
Sural (5) +++++ +++++ 4+
Muscle (6) ++++ +++++++ ++

Skin (6) +++ +++++ +4+++
B/G (6) ++++++ +++ +

BSA (6) +++ A+ +

B/G (5) +4+++++ ++++ A+
PTN (5) ++++ ot T
B/G (4) +++ ++++++ +++
NGF (3) +++ +++++ +++++

3.3.3 Effect of different combination of NTFs in motor and sensory regeneration

FluoroGold positive motor neurons were quantified in the ventral spinal cord ipsilateral to the

implantation site (Figure 3.5). The presence of multiple NTFs showed an overall reduction in the
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number of regenerated motor neurons compared to the nerve-cap in Chapter 2. The motor
enrichment compartments (tibial branch, muscle-cap, and B/G arms) showed no significant
effect when compared to the sensory enrichment compartment (sural branch, skin-cap, PTN, and
NGF) for each experimental group. Preferential motor enrichment was not observed in the motor
related tibial branch (207.0 + 120.8 VMN) when compared to the sensory sural branch (204.5 £
159.5). Conversely, the muscle-cap attracted more motor neurons (288.4 + 172.8) when
compared to the skin-cap (142.4 + 71.67) without reaching statistical significance. The B/G
compartments had increased number of motor neurons for all experimental groups versus PTN,

NGF, or BSA control arm, however, was not statistically significant.
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Figure 3.5. BDNF/GDNF (B/G) combination did not significantly increase the number of
regenerated VMN. Numbers on the “Y” diagram in the x-axis represent animals per arm

quantified. Data presented at the mean + SEM.

FG+ sensory neurons in the DRG were categorized based on perikarya (cell body) size.
Perikarya size has been shown to be correlated with specific sensory modality and conduction
velocity [125], [126]. Cells with an area less than 300 pm?were considered small, greater than
700 um? were large, and in between were classified as medium. The overall regenerative
capacity using combination of NTF was lower when compared to single NTFs from the previous

chapter (Figure 3.6 B). Additionally, there was a greater than 60% reduction in the number of

70



regenerated sensory neurons after regeneration. The tibial and sural regenerated arms had higher
FG+ sensory neuron count compared the other experimental groups. This could result from the
increased expression of growth promoting cues in the distal nerve stumps connected to their
target organs. The muscle- and skin-cap groups showed comparable sensory neuron regeneration
when compared to the NTF arms. Furthermore, the effect of NGF in enriching small caliber
sensory neurons was also absent (Figure 3.6 C). The small, medium and large size cell

distribution were comparable among all group and showed no significance.

The sensory to motor ratio was determined from positively labeled VMN and DRG sensory
neurons from the nerve fascicles (Figure 3.7). A significant effect between the motor and sensory
compartment was observed using a one-way ANOVA (P < 0.05; F=3.27; R?= 0.49) The tibial
motor and sural sensory branch had comparable S/M ratios of 9.3 + 3.1 and 9.7 + 3.6
respectively indicating preferential motor reinnervation is effected in this regenerative model.
The muscle- and skin-cap showed an inverse ratio, however, the molecular cues from the end
target organs was insufficient to induce a significant difference. The B/G combination with BSA
and NGF showed no difference in the S/M ratio, however, a significant effect was observed in

the B/G (4.4 £ 1.0) combination versus PTN (12.7 £ 0.9).
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3.3.4 Normal axonal morphology maintained by combinations of NTFs

A small subset of regenerated Y-nerves (n = 3 per group) were analyzed for difference in axon
type and fiber morphology (Figure 3.8). Electron microscopic evaluation revealed myelinated
and unmyelinated axons with normal fascicle formation with perineurium and epineurium
structures. The count of myelinated axons showed a significant effect between the experimental
groups using a one-way ANOVA (P < 0.05; F=3.09; R?= 0.67) (Figure 3.9 A). The skin-cap
showed a significantly higher number of unmyelinated axon count (240.0 + 56.3; P < 0.01)
compared to the muscle-cap (123.4 £ 42.3). All other experimental groups showed no significant

differences between the regenerated Y-arms. The number of myelinated axons showed no
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difference among the experimental group. However, lower number of myelinated axons were
observed in the tibial arm and the B/G arm in the B/G vs. BSA group. This lower number in
myelinated axon count is correlated with increase in fiber diameter (Figure 3.10). The mean fiber
diameter of the tibial branch was 3.5 + 1.3 um, which was higher compared to 2.9 £ 0.9 um in
the sural arm without reaching significance. However, the B/G arm had a mean diameter of 3.5 £
1.2 um significantly higher when compared to the BSA arm (2.5 + 1.0 um) (P < 0.05,
Bonferroni) (Figure 3.10). The regenerated arms of both the B/G vs. PTN group had the lowest

mean fiber diameter among all the experimental groups.

The scatter plots of g-ratio as a function of axon diameter was plotted for each experimental
groups (Figure 3.11). Linear regression was used to observe the relationship between g-ratio and
axon diameter distribution. Axon diameter was divided into small myelinated (< 1pm), medium
myelinated (1 <x <4 pm), and large (> 4 um) based on axon size reduction following nerve
injury [130]. The tibial and the sural branch show a difference in the steepness of the slope,
where the sural arm’s steep slope indicates higher degree of myelination. This was also similar in
the muscle-cap groups compared to the skin-cap. The number of quantified values for the B/G
arm in the B/G vs. BSA group was lower, however myelination was less affected by larger axons
with a less steep slope. The slope for B/G vs. PTN was similar with the PTN slope shifter to the
right indicating more myelination in the PTN compartment. The B/G versus NGF graph has

similar trend suggesting limited guidance or cross-diffusion from the different attractants.
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Figure 3.8. Representative EM images of for the motor and sensory compartment show normal
axon morphology. Scale bar = 10 um.
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Figure 3.9. Axonal count from motor and sensory compartment for each group. A) Unmyelinated
and B) myelinated axon count. Data presented as mean + SEM. * indicates P < 0.05.
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Figure 3.11. Scatter plots of g-ratio as a function of axon diameter. Individual points represent
the g-ratio measured for each myelinated axon. (C, F, I, L, O) Linear regression of the best fit per
arm per group. The equation for each line presented within the scatter plot.
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3.4 Discussion

The present study utilized different combinations of NTFs to entice the regeneration of motor
and sensory axon into separate compartments of the Y-conduit. Based on data from previous
studies [77], a BDNF/GDNF combination was used to enrich motor neuron regeneration and
NGF and PTN was used to entice sensory neuron regeneration. The different combinations for
motor and sensory specific attractions were used to modulate the sensory to motor ratio without
distal targets. Our data show that the motor compartment had a lower ratio of sensory/motor
compared to the sensory compartment. B/G arm showed a low ratio of 4.4 + 1.0 which was
significantly different when compared to the PTN arm having a ratio of 12.7 + 0.9 (Figure 3.12).
However, the overall regenerative capacity for motor neurons was reduced by more than 50%
when compared to single attractants. These findings suggest that the application of multiple

NTFs can induced a changed in the ratio of sensory and motor neuron regeneration.

BDNF/GDNF PTN

18.5%

150.2+60.8

Hl Motor
I Sensory

Figure 3.12. Sensory/motor ratio for BDNF/GDNF arm versus PTN showing difference in the
percent of motor neuron attracted.
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3.4.1 Selectivity using combination of NTFs

During peripheral nerve regeneration, sensory and motor axons are sporadically distributed in the
cross sectional area, however, regeneration in continuity with distal targets show motor axons
preferentially reinnervate to the muscle branch [99], [154]. The interaction of the regenerating
axons with the different growth factors released by the distinct Schwann cell phenotype and end
target organs helps in promoting the accuracy in regeneration [86], [152]. This was further
validated when muscle connection was prevented and removal of Schwann cells resulted in a
loss of regeneration accuracy [155], [156]. These results indicate the role of guidance cues in
pathway selection. Here we used a GDNF and BDNF combination to entice motor neuron
regeneration and NGF or PTN to induce small caliber sensory neurons. Out data show B/G
combination showed no difference in the motor neuron regeneration compared to NGF or PTN.
Similarly, small sensory neuron localization in one compartment by NGF could not be
established as well. It is known that the receptors for these neurotrophins are differentially
expressed following injury, however there is also a degree of overlap as well [86], [157]. After
injury, an upregulation of NGF is observed to a larger extent in the dorsal roots than in the
ventral roots. Similarly, the high affinity receptor for BDNF, TrkB, is expressed in motor
neurons and medium size DRG, and expression is increased following axotomy [158]-[162].
Also, the expression of the low affinity receptor p75 is also increased after injury [163]. Even
though an increased expression of these receptors are present in axon subtypes following injury,
this current study showed limited selectivity. One factor resulting in the limited enrichment is the
cross diffusion of the NTFs in the bifurcation zone. Although a gradient is present with higher

concentration at the distal closed end, modeling data from the previous chapter suggests a
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mixture of NTF at the bifurcation zone could possibly lead to misdirection during axon

elongation.

3.4.2 Regenerative capacity of NTFs in combination

In this present study, the number of motor and sensory neurons that regenerated in the presence
of multiple NTFs was drastically reduced. In contrast, previous studies showed multiple growth
factors to increase the total amount of regenerated motor and sensory neurons [77]. However,
that was not the case in this study which showed a reduction in the regeneration of both motor
and sensory neurons. The number of regenerated motor neurons using the tibial and sural branch
is expected to be low since the motor neurons that lead to the third branch of the sciatic nerve
were not taken into account. The tibial nerve contains 49% of the total motor nerve population in
the sciatic compared to the 3% in the sural [145], [164], [165]. Moreover, similar amounts of
motor neurons in both compartments suggest preferential motor reinnervation (PMR) did not
occur. It is possible this is due to the presence of the conduit and the gap the axons have to cross
to reach the distal nerve target. Previous models used to identify PMR were end-to-end repair
which suggest that gaps during nerve regeneration can lead to loss of PMR through the mixing of
the supportive factors by the Schwann cells in the distal nerve. The increased motor neuron count
observed in the muscle-cap compared to the skin-cap suggests the detached muscle secreted
trophic factors. However, the lack of motor phenotypic Schwann cells could have limited the

enrichment within the compartment.

The limited regeneration potency by multiple NTFs was unexpected; however, the increased

concentration of the PLGA particles within the lumen of the conduit could be a factor. The
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increased number of particles could act as a barrier and block the pathway for the regenerating
axons. Furthermore, PLGA degrades into lactic acid and glycolic acid, and an increased
concentration of particles could lead to a more acidic environment [166]. Such environments

have been shown to reduce the efficacy of nerve regeneration.

To summarize, the findings of this chapter draw attention to the use of multiple NTFs as a means
to modulate the sensory/motor ratio. The muscle-cap and the B/G arms from all experimental
groups showed a lower sensory motor ratio compared to their adjacent arms. However, B/G
versus PTN combination showed the most prominent difference in the ratio. This shows the
feasibility of using NTF combinations and their ability to modulate the ratio of motor and
sensory enticement. However, the number of NTFs used in this study likely leads to high PGLA
particle concentrations within the Y-conduit resulting in limited neuronal outgrowth. This can
possibly be mitigated by refined delivery of NTFs delivered at physiological concentrations with
unobstructed delivery method [119]. In peripheral nerve interfacing, a low sensory/motor ratio is
preferred as the likelihood of interfacing with a motor axon increase for motor control, whereas
high sensory/motor ratio is desirable for stimulation of sensory precepts. However, loss in
selectivity in sensory subtypes can possible be mitigated using repulsive cues in one
compartment. This will allow axon subtypes to be redirected toward the adjacent chamber

resulting in increased axon subtypes.
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CHAPTER 4
SEMAPHORIN 3A INHIBITS SMALL DIAMETER AXONS IN A CHOICE ASSAY

WITH BDNF AND NGF MOLECULAR ATTRACTANTS

4.1 Introduction

The human hand is populated by an estimated 17,000 touch sensing receptors in the skin that
provide information about small slips, skin deformation and limb position [9], [167]. These
individual nerve fibers are classified based on conduction velocity and axon diameter which
include: Type I includes muscle spindles (la) and tendon organs (Ib;12-20 um AD and 100 m/s
CV), Type Il are mehanoceptors (AB; 4-12 um AD, 60 m/s CV), Type III are delta nociceptors
(Ad; 1-11um AD, 60 m/s CV), and Type IV are C-pain fibers (0.5-1um AD, 1-2 m/s CV) [37].
Moreover, there is overlap in axon diameters among the different modality types resulting in no
distinction between proprioceptive and large mechanoceptive afferents [38], [168], [169]. Also,
most somatic nerves contain two types of motor axons (a and y) and five different types of
sensory afferents including A proprioceptive axons, high-threshold mechanoceptors (HTMRS),
low-threshold mechanoceptors (LTMRS), slow-conducting C-nociceptors, and myelinated pain
AJd fibers, all of which are mixed at various proportions and quantities in different nerves [9],
[37], [64]. Clearly, interfacing and stimulating a specific sensory modality from mixed sensori-
motor somatic nerves presents a great challenge. This is even further complicated by the fact that
large myelinated axons (i.e., proprioceptive and motor) are depolarized with smaller electrical
currents, while smaller diameter neurons (i.e., pain fibers) require larger depolarizing stimuli.
Thus, when stimulating the small caliber fibers, one can expect to non-specifically recruit large-

size axons as well [39], [40], [170], [171].

83



It is known that during development peripheral nerves navigate through a complex environment
to reach their target. This is mediated by the receptor-ligand interactions at the growth cone of
the axon resulting in cytoskeletal changes that direct the neuron to extend or retreat [49], [50],
[172], [173]. The attractive and repulsive cues act as molecular guide posts for the developing
axons. These same cues in the adult PNS have been used to enhance regeneration as well as
guide regenerating axons to their specific targets [60], [78], [102], [103], [114], [174]-[176].
Individual molecular cues bind the specific receptors on the surface of the growth cone. In the
previous chapter, two different types of NTFs were used in the individual arms of the Y-conduit
to selectively entice the regeneration of motor neurons in a specific compartment and small
caliber sensory neurons in the other. Although, the sensory/motor ratios were modulated, the
selectivity of the sensory subpopulation neuron attraction was not achieved. Together these
studies indicate that selective guidance of the regenerating axons from a mixed population is

feasible, however, it requires additional factors to improve the selective efficacy of enrichment.

In addition to attractants, repellents are also key mediators for axon development and guidance.
The Semaphorins family of guidance cues are a large class of protein that are most widely
studied. During development Semaphorins are present as either soluble or membrane bound and
emit a long or short range repulsive action. They are large proteins consisting of approximately
500 amino acids and divided into eight subclasses with their activity mediated by two receptors,
plexin and neuropilin [177]. Most classes of Semaphorins bind to plexin directly, while class 3

(Sema3A) binds to neuropilin first with its complex activating plexin and leading to growth cone
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collapse [53], [178]. In the adult PNS, class 3 Semaphorins are upregulated following peripheral
nerve injury [179], and interestingly, act as both attractive and repulsive, hence their role has yet
to be fully elucidated. However, the role of Sema3A, a member of the Semaphorin family, has
been shown to induce turning and growth cone collapse of sensory DRG neurons in vitro [42],
[180]-[182]. Furthermore, in vivo application of NGF attractant in the dorsal column of the
spinal cord and exogenous presence Sema3A on the ventral side induced sprouting of NGF
responsive axons to the dorsal side while inhibiting its extension towards the ventral side of the
spinal cord [43], [114]. Taken together, this advocates the incorporation of both attractive and
repulsive cues as a means to refine axon guidance and regeneration. The primary objective of
this study is to determine whether the application of both attractive and repulsive cues can
further modulate the sensory to motor ratio (S/M) and improve the enrichment of axon subtypes

given two different modality attractants.

4.2 Materials and Method

4.2.1 PLGA encapsulation of Sema3A

Recombinant human Semaphorin-3A (Sema3A, 87.3 kD) (Novoprotein, Summit, NJ) protein
was encapsulated in biodegradable poly(DL-lactic-co-glycolic acid (PLGA) microparticles using
the double emulsion method as described in Chapter 1. Briefly, PLGA 50:50 (Lakeshore
Biomaterial, St. Louis, MO) was dissolved in dichloromethane (DCM) 200 mg/ml (Sigma-
Aldrich, St. Louis, MO), and mixed with aqueous solutions of 20 ug/ml of recombinant sema3A
protein. This solution was then added to polyvinyl alcohol (20 mg/ml) and emulsified. The MP

solution was stirred for 1-2 hours to remove excess DCM, centrifuged at 4000 rpm for 15
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minutes to pellet the particles and separated from the supernatant. The resulting MPs were
transferred to -20°C for 2 hours, to -80°C overnight, freeze dried for 48 hours and stored at -20°C

until used. Loading efficacy was calculated at 67 £ 5%.

4.2.2 Invitro Y-template fabrication

A polydimethysiloxane (PDMS) template in the shape of a “’Y” was fabricated to test the
bioactivity of the Sema3A-MP. Briefly, the elastomer and the curing agent was mixed in a 10 to
1 ratio, then cured in the oven at 60°C for 2 hours. Using a 6.0mm biopsy punch, two holes were
made approximately 1.5cm apart. Another hole 1.5 cm below was also made using a 5.0mm
biopsy punch creating a 60° angle. Finally, ~2mm canals were cut joining each of the

6.0mm holes connecting to the 5.0mm hole (Figure 4.1). The PDMS Y -template was then
attached to a glass cover slip following plasmapheresis treatment and sterilized using ethanol and

UV radiation.
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Figure 4.1. In vitro Y-template PDMS mold. The 6.0mm holes contain NTF-MP mixed in
collagen and the cell chamber (bottom hole) is where the DRG will be place. The canals serve as
a pathway for the regenerating axons.

4.2.3 Sema3A-MP bioactivity assay

NTF-MP containing NGF and Sema3A were mixed in 30 pl of atelomeric chicken collagen (85
% type 1, 15 % type II; Millipore; Temecula, CA) and added to the 6.0 mm compartments. The
Y-templates were incubated at 37°C with 5% CO: for 15 minutes to allow gelation. Embryonic
(E15-E18) mice pups were dissected and whole dorsal root ganglia (DRG) were collected in in
L-15 Medium (Leibovitz). The DRGs were cleaned of connective tissue and placed in poly-D-
lysine (PDL) coated Y-template cell chamber suspended in 10 pl of atelomeric chicken collagen
(Figure 4.1). The explants were incubated at 37°C with 5% CO- for 15 minutes to allow gelation
before adding 200 pl of Neurobasal A media (Sigma Aldrich) supplemented with 0.5%

penicillin/streptomycin.
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4.2.4 DRG choice assay quantification

Seven days following DRG regeneration in the Y-template, the neurite outgrowth site was
imaged using the bright field on a Nikon A1R confocal microscope system (Nikon, Inc.). The
images were acquired at 20x magnification and the individual images were stitched together
within the Nikon’s ND Elements software (Nikon, Inc.). Individual axons were traced from the
boundary of the DRG to the axon terminal using ImageJ analysis software. Axonal length and

degree of turn from each compartment was quantified from 3 DRG treatments.

4.2.5 Y-tube implantation and analysis

Twenty-four adult female Lewis rats were included in the study. The control group received
BDNF-MP in one arm and the other NGF-MP (n = 12; Retrograde label 6 animals per NTF arm).
The experimental group received a combination of BDNF-MP + Sema3A-MP in one arm and
NGF-MP in the other (n = 12; Retrograde label 6 per NTF arm) (Figure 4.2). The surgical
implantation, retrograde labeling, CNAP analysis, and quantification were performed similarly
as mentioned in Chapter 1. All animal procedures were performed in accordance with the
guidelines of the Institutional Animal Care and Use Committees of The University of Texas at

Dallas.
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Figure 4.2. Schematic representation of Y-conduit containing attractants and repellent to
increased efficacy in axon subtype enrichment.

4.2.6 Statistical analysis

Changes in axonal length and turning in vitro were analyzed using student t-test. In vivo
comparison between experimental groups were compared using one-way ANOVA and
Bonferroni’s ad-hoc multiple comparison test using Prism 6 software (GraphPad Software Inc.).
A p <0.05 was considered statistically significant. The data is presented as the mean + standard

error of mean.
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4.3 Results

4.3.1 Axonal turning in the presence of Sema3A in vitro

The bioactivity of the Sema3A-MP was tested on DRG explants in a choice assay. The inhibitory
effect of the Sema3a in deterring axonal extension towards the chamber was observed (Figure
4.3 A (al & a2). A student t-test analysis showed a statistical significant effect in the axonal
turning for NGF versus Sema3A compartment (P < 0.01, Student t-test). The mean axonal length
towards the NGF (43.9 + 21.9 %) compartment was higher compared to the Sema3A side (29.9 £
19.7 %) without reaching significance. Similarly, axonal turning was significantly greater in the
Sema3A compartment (83.8 £ 32.5 degrees) while the NGF compartment was limited (60.2 £

23.0 degrees) (Figure 4.3 B & C).
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Figure 4.3. Sema3A induced inhibition on DRG neurite outgrowth. A) Bright field image of the
DRG axonal extension in the NGF (al) and Sema3A (a2) chamber. B & C) Normalized axonal
length and change in axon turning from the NGF and Sema3A compartments. ** indicates
significant difference between the chambers (P < 0.01). Data present at mean = SEM.
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4.3.2 Sema3A retains functionality of the regenerated nerves

CNAP analysis from the regenerated Y-nerves in the presence of a repellent retained electrical
functionality. Multiple peaks were observed following the activation of all fiber types and the
latency was measured from the start of the stimulus. The conduction velocity (CV) was
calculated following spike triggered averaging, and the values were categorized into slow (< 5
m/s), medium (5 <x <30 m/s), and fast (> 30 m/s) (Table 4.1). One hundred percent of the
regenerated nerves fascicles show electrical competency with the number of peaks ranging from

1-3. No significant difference in the number of the peaks were observed between the groups.

Table 4.1. CNAP peaks incidences observed within the velocity ranges. ‘+” indicates one peaks
observed within the range. (#) indicates number of animals used to obtain CNAP response.

- Fast (>30 ms?) | Medium (5 < x < 30) Slow (<5 ms)

BDNF (6) S ++++++ +++++

< NGF (6) ++++ b F++
BDNF/Sema3a ++ +++++++ +++++
< (6)

NGF (6) + ++++++ ++++++

4.3.3 Sema3A does not modulate the S/M neuron ratio

FG+ motor neurons and DRG sensory neurons were quantified from the ipsilateral spinal cord
and the L4 and L5 DRGs. The number of regenerated motor neurons ranged from 130-170 using

BDNF and NGF attractants, and the number of VMN in the regenerated nerve fascicles were
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similar in the BDNF vs. NGF and BDNF+Sema3A vs. NGF (Figure 4.4). The number of
regenerated sensory neurons in the BDNF vs. NGF and BDFN/Sema3A vs. NGF groups were
quantified and showed similar distribution in both experimental groups (Figure 4.5).
Additionally, DRG perikaryal size was also quantified and categorized into small (< 300 um?),
medium (300 um? < x < 700 um?), and large (700 pm? <). The small DRG cell size showed all
groups with greater than 20% distribution without reaching significance (Figure 4.5 C). The
medium and large size DRG cell body size ranged from 40 — 55% and 17 — 32% respectively

(Figure 4.5 C & D). Both groups showed no statistical difference among the arms and across the

group.
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Figure 4.4. FG+ motor neuron counts unaffected by Sema3A repellent and shows individual
arms having similar attractive property. Data present as mean + SEM.
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Figure 4.5. DRG perikarya size distribution. A) Schematic representation of small, medium, and
large cell distribution located in the DRG. B-D) FG+ cell size distribution quantified from the L4
and L5 DRG categorized into small, medium, and large. Data present as mean = SEM. (Figure

prepared with the help of Michael Tran.)
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The sensory/motor neuron ratio was determined from the positively labeled VMN and DRG
sensory neuron in each compartment (Figure 4.6). The mean S/M ratio between the experimental
groups ranged from 4.3 — 6.6. Comparison of the individual fascicles in each group showed no
significant effect. Additionally, the ratio of BDNF arm (4.3 £ 2.7) compared to the

BDNF+Sema3A (6.1 * 2.6) also showed no difference in the presence of a molecular repellent.

94



[®)
= 8- NS
[
(14
| .
S -
[=)
=
> 4
(@)
»
&
» 27
0- u w u
h Y
= (©) ) [©)
Q
& Z éﬂ Z
QD
3 4 ® s 4
+
w
=z
Q
N=7 o N=9

Figure 4.6. Sensory/motor neuron ratio show Sema3A was not effective in altering the ratio in
the presence of dual choice molecular attractants.

4.3.4 Axon morphology analysis in the presence of Sema3A

A subset (n =3 Y-nerves per compartment per group) of the individual arms of the regenerated
Y-nerves were analyzed for axon type composition and myelination. Evaluation of each Y-nerve
showed the presence of normal myelinated and unmyelinated axons with intact perineurium and
epineurium (Figure 4.6). The number of unmyelinated and myelinated axon count showed no
statistical significance within the arms of the group and across experimental groups (Figure 4.7).
Similarly, the myelinated axon count showed no difference between the arms and across

experimental groups.
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Figure 4.7. Representative EM images from the regenerated arms of the Y-nerve. Arrows
designate small myelinated fibers more evident in the group without Sema3A. Scale bar = 10
pm.
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4.3.5 Sema3A shows inhibitor effect of myelinated axons less than 1um

G-ratio as a function of axon diameter was plotted for each regenerated NTF-MP arm, and the
relation was best fit using linear regression (Figure 4.8). The BDNF vs. NGF group was showed
a steeper slope for NGF with higher myelination for small diameter axons and less myelination
for higher axon diameter compared to the BDNF arm. The BDNF + Sema3A vs. NGF group had
a similar fit, however observed a limited number of small caliber axons in both the arms of the
Sema3A group (< 1um diameter) (Figure 4.9 D & E). Percent distribution of axons less than
1um showed a significant effect (~95% decrease) when compared to the BDNF arm without
Sema3A using a one-way ANOVA (P < 0.05; F=4.35; R?= 0.65) (Figure 4.10). The NGF arm in

the Sema3A group had a 41.7% decrease compared to the NGF arm without the Sema3A without
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reaching statistical significance. Percent distribution of myelinated axon diameter within the

medium (1 > x >4pum) and large diameter (>4pum) showed no difference.
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Figure 4.9. Scatter plots of g-ratio as a function of axon diameter. (A-B, D-E) G-ratio versus
axon diameter for each regenerated arm (n =3 animals per group). Sema3A group shows limited
number of small diameter (< 1 um) compared to the BDNF vs. NGF group. (C & F) Linear
regression and equation (below scatter plots) for the individual groups. (Figure prepared with the
help of Elaine Ramirez.)
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Figure 4.10. Percent distribution of myelinated axon diameter less than 1 pm. BDNF+Sema3A
show significant decrease compared to BDNF only arm. * indicates significant difference
between the chambers (P < 0.05, Bonferroni). Data present at mean + SEM.

4.4 Discussion

In this study we introduced a combination of chemoattractant and chemorepellent to improve the
efficacy of axon subtype enrichment. This was tested using semaphorin3A, a repulsive cue for
NGF+ axons that express the receptor neuropilin [178], [181]. Sema3A was introduced into the
adjacent compartment of the NGF to direct small diameter axons away from the BDNF+Sema3A
chamber. The exogenous application of the Sema3A-MP resulted in a significant reduction in the
number of small axons less than 1um in diameter. This was verified using axon morphological
measurements. However, the effect of Sema3A was also observed in the adjacent arm of the Y-
conduit, resulting in a similar response but to a lesser effect in the NGF compartment.

Additionally, the presence of Sema3A showed no effect on other axon subtype regeneration or
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functionality as both experimental groups had comparable values. These finding demonstrate that
mature sensory afferents in the peripheral nerve retain their responsiveness to the Sema3A and

can have a trophic effect in a choice assay without distal targets.

4.4.1 Reduced sprouting in the presence of Sema3A

During development growth promoting molecules enable axonal elongation to their appropriate
target. The selective expression of repellent cues further mediates that accuracy in path finding
for the developing axons [42]. In the developing spinal cord, NGF positive C-fiber (nociceptors)
respond to Sema3A, and prevent improper targeting in the dorsal laminas by restricting growth
of C-fibers past the designated location. The presence of Sema3A in the adult similarly responds
to mature NGF+ sensory afferent and has been shown to impede axonal sprouting in the spinal
cord [43]. In this study, we demonstrated a reduced number of small diameter axons following
Sema3A expression in the Y-conduits in the peripheral nerve. Scatter plots of g-ratio as a
function of axon diameter, revealed limited number of axons less than 1 um in diameter in both
the NTF compartments. Conversely, the non-Sema3A group showed no inhibition of small
diameter axons in either of the NTF compartments (Figure 4.9). The reduction in the small
diameter myelinated axons suggest that they are Ad fibers. In previous studies, the expression of
Sema3A induced a repulsive effect on small Ad fibers in the adult cornea [183]. However, this
difference in the number of small fibers in the axon morphometric analysis did not show a
similar effect in the distribution of DRG neurons (Figure 4.5). A plausible explanation in the
comparable size distribution yet limited small diameter axons in Figure 4.9 could be the
inhibition of collateral sprouting from the NGF+ axons. Our in vivo data agrees with observation

from a similar study showing induced inhibition by Sema3A [43], [114]. Interestingly, the lack
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of difference observed in the DRG size distribution suggests that the NTF exerted a strong
enough effect to induce axonal elongation, but Sema3A was present to minimize axonal
sprouting. A delicate balance between the concentration of both the attractant and the repellent is
required as demonstrated when higher NGF expression can overcome the inhibitory effect of
Sema3A [43]. Additionally, the small diameter axons observed in the NGF compartment is also
indicative of the cross-diffusion by Sema3A to the adjacent compartment, which was also

observed in the previous chapters.

Axonal sprouting in an amputee model has been previously reported by calcitonin gene-related
peptide (CGRP) positive cells (marker for small caliber peptidergic nociceptors) and isolectin-B4
positive cells (marker for small caliber non-peptidergic nociceptors) [138], [184]. In the current
study, FG+ cells in the DRG were stained using CGRP marker to find a correlation. However,
the CGRP antibodies failed to stain FG+ cells in all experimental groups, but axonal staining
within the DRG was observed (data not shown). A possible explanation is the presence of FG in
the cytoplasm or on the cell surface is limiting the binding of the antibody. Additionally, the
number of unmyelinated axon count in both the BDNF and BDNF+Sema3A compartment was
comparable. This could be the presence of non-peptidergic I1B4 positive DRG neurons, which are
unaffected by Sema3A. These particular nociceptors change from NGF+ to IB4 expressing
during developmental stages. The number of unmyelinated axon count in the NGF arm of the
non-Sema3A group was higher compared to the NGF arm of the Sema3A group which could
suggest the effect of Sema3A on the peptidergic axon leading to a lower unmyelinated axon

count.
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4.4.2 Limited specificity with two attractants

This study aimed to increase sensory axon subtype specificity using two specific NTF. BDNF to
attract mechanoreceptors and NGF to entice the regeneration of thermoceptive/nociceptive
neurons. However, with single NTFs in each compartment, the specificity was still not attained.
The motor neuron enrichment from the BDNF compartments saw ~55% reduction compared to
BDNF vs. BSA group from Chapter 1. Small caliber DRG sensory neuron enticement with NGF
was also reduced by ~50% compared to the single NTF group from Chapter 1. These
observations suggest the presence of NTFs in both compartment of the Y-conduits results in

limited specificity.

4.4.3 Conclusion

These experiments demonstrate that exogenous chemorepellents present in the developmental
stages can be implement following adult peripheral nerve injury to induce an inhibitory effect.
Conversely, this inhibitory effect was not observed in motor neurons as they have been shown to
moderately upregulate neuropilin and Plex-A1 mRNA level [185]-[187]. The inhibitory effect of
Sema3A on a small axon subtype validate its use to potentially further improve upon the
sensory/motor ratio for developing better neural interfaces. One limitation posed during this
study is the cross-diffusion between the chambers. To limit the effect of each compartment on
axon subtype, improved delivery method of guidance cues will need to be developed or
constraint the guidance cues to their specific compartments. Also, Sema3A currently has been

shown to only effect small sensory peptidergic fibers, as non-peptidergic nociceptors are
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unaffected. Hence, other guidance molecules will need to be tested further in order to better

understand axon selective guidance.
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CHAPTER 5

5.1  Summary of thesis contribution

In this thesis, we tested the efficacy of using molecular guidance cues to direct the regeneration
of a heterogeneously mixed nerve into separate compartments in an in vivo choice assay without
distal targets. The mixed axon population of the peripheral nerve is a current limiting factor for
peripheral nerve interfaces in discriminating motor and sensory subtype neurons. The concept of
using molecular guidance cues was tested in this study to increase the probability of interfacing

the intended axon subpopulation by modulating the sensory/motor ratio.

In Chapter 2, it was demonstrated that single NTFs were capable of enticing axonal elongation
across a gap in an amputee model, and GDNF significantly increased the number of VMN
compared to BSA. Furthermore, the regenerated nerve maintained its regenerated state for 45
days and 97% were electrically conductive. However, single NTFs were insufficient in

modulating the sensory/motor ratio compared to the BSA control.

Chapter 3 evaluated the efficacy of motor axon guidance molecules (BDNF/GDNF) and sensory
axon attractants (NGF or PTN) in altering the sensory/motor ratio. Our results show that B/G

combination versus PTN showed a significant difference in the S/M ratio.

In Chapter 4, we introduced a chemorepellent to inhibit the regeneration of small sensory axon
subtype. For the first time, we have demonstrated in vivo, small diameter Ad fibers can be

inhibited following peripheral nerve axotomy and regeneration without distal targets.
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The current findings from the Chapters suggest potential combinations of attractants and
repellents for future applications. Using GDNF as a motor compartment can improve recording
of motor intent, and applying PTN in the adjacent compartment can yield a high sensory to
motor ratio. In addition, to minimize evoking unwanted sensations of pain, incorporating
Sema3A can result in reduced Ad fibers. This combination of attractants and repellents can
ideally provide a split regenerative based neural interface (Figure 5.1). Floating multielectrode
arrays placed in the compartments of the Y-conduit will interface with the regenerating axons,

and the growth factor combinations will yield a motor and sensory rich compartment.

PTN/Sema3a

GDNF

Figure 5.1. Schematic of dual choice guidance cues for a regenerative neural interface.

5.2  Additional considerations for improved enticement of axon subtype regeneration

One of the main limitations faced in this study is the cross-diffusion experienced at the
bifurcation of the Y-conduit. Also, the presence of multiple NTFs did not yield an enhanced
response as compared to single NTFs. Hence future work will focus on addressing these

shortcomings. Some possible directions include:
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Development of a better delivery system for time release NTFs and limiting the cross-
diffusion (introduction of semi-permeable barrier).

Identifying concentrations of NTFs when used in combinations to reduce the inhibitory
effect that was observed.

Incorporate genetically labelled animals with motor and sensory subtype neurons to
compensate for limited robustness of retrograde labelling.

Validate if the modulation of sensory/motor ratio is able to improve the incidence of
motor activity recording using neural interface and elicit sensory precept for specific
modality. Based on the data obtained, identify or answer what is considered sufficient for

motor and/or sensory enrichment.
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PROFESSIONAL AND ACADEMIC CONFERENCE PRESETNATIONS:

Anand S, Desai VH, et al. Sensory and Motor Enrichment using Molecular Guidance Cues

(Neural Interface Conference 2014)
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Tran M, Anand S, Desai VH et al. Functional Regeneration of Axons into Surrogate Muscle and
Skin Targets (Synapse Conference, NC 2014

Nguyen DH, Anand S et al. Peripheral nerve guidance using muscle and skin targets for neural
interface (ACES 2014)

Anand S, Kanneganti A, et al. Modality Specific Neural Interface in the Peripheral Nervous
System (ACES 2011)

Anand S, Kanneganti A, Desai V et al. Regenerative Multi-Electrode Interfacing of the Tibial
Nerve (Neural Interface Conference 2012

Anand S, Desai V et al. Modality Specific Neural Interfacing in the PNS (Podium Talk - BMES
2012)

Lohitash Karumbaiah, Sharon Norman, Nithish Rajan, Sanjay Anand, Ravi Bellamkonda.
Stretch Induced Astroglial Stress Negatively Regulates Neuronal Growth (Termis 2010)

Karumbaiah, L., Anand S. et al. Chondroitin sulfate-4,6 glycosaminoglycan significantly

inhibits rat embryonic day 18 (E18) cortical neurons in vitro and choindroitin 4,6
sulfotransferase MRNA is over-expressed after CNS injury (SFN 2010)

AWARDS AND HONORS:

GAANN Fellowship Fall 2012 — Spring 2014
Stem Scholarship Fall 2011 — Spring 2014
HOPE Scholarship Fall 2005 — Spring 2009
Dean’s List Fall 2005 — Fall 2007
President’s Undergraduate Research Award Fall 2009

TEACHING POSITIONS:

Graduate Teaching Assistant:
BE 5382 Laboratory Principles -Physiology (University of Texas at Arlington)
Fall 2013; Spring 2014
= Designed experiments to measure different types of physiological activity (EMG, EEG, ECG, EGG
etc.) within the human body.

BMEN 3330 Engineering Physiology of the Human Body (University of Texas at Dallas)
Fall 2014 & 2015
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= Assisted students in understanding engineering components of the human body and delivered
lectures on individual physiological systems.

BMEN 4330 Advanced Eng. Physiology of the Human Body (University of Texas at Dallas)
Spring 2015
= Help design/teach course to complement latest research on bioengineering components and relate to
human physiological systems.

SKILLS AND TECHNIQUES:

Lab Procedures: In vitro cell culture (Rat/mice — DRG, Spinal Cord, Cortex), Bradford assays,
Spot/Stripe Assay, Sliver Stain assay, western blotting, RiboGreen assay,
Protein patterning, RT-PCR, Electrophysiology neural recording, In vivo
animal surgery, immunohistochemistry, Microparticle fabrication

Equipment: Bright field/fluorescent/Confocal microscope, MicroFab JetLab I1, Confocal
microscopy, Plexon Electrophysiology Recording,

Software: Microsoft Office, Visual Basics, MATLAB, Simulink, ImageJ, LabVIEW, HTML,
SolidWorks, Media Cybernetics Image-Pro, Prism, Adobe Illustrator/Photoshop,
SketchUp
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