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In the United States, about 900,000 peripheral nerve repair surgeries are performed every year, to
treat traumatic and iatrogenic injuries. Despite the robust regenerative capacity of peripheral
axons, studies have found that in nerve injuries resulting in substantial tissue damage (> 3cm), as
low as 25% patients gain full motor recovery and an even lower 3% gain complete sensory
recovery. The current standard of care in clinic is surgical repair using an autologous nerve graft,
extracted from a functionally less important nerve. While successful outcome depends on surgical
precision and donor matching, in many cases, it can have deleterious co-morbid effects, formation
of neuromas resulting in pain, in addition to loss of function in the donor nerve muscle. Although
there are multiple biosynthetic nerve guides approved by the FDA, repair using autologous nerve
grafts is still most preferred by surgeons, despite its risks. This is because currently available
conduits have a hollow lumen, which fails to provide structural and biochemical support that is
needed by peripheral axons to grow across long distances. Therefore, to enhance regeneration by
mimicking the internal tubular architecture of the nerve, our lab previously designed a multi-
luminal Biosynthetic Nerve Implant (BNI). The BNI is a polyurethane tube with an agarose

scaffold consisting of multiple microchannels filled with collagen matrix. In a 10mm transection
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sciatic nerve injury in a rat model, it was shown that the BNI provides structural support during
regeneration, resulting in fascicular distribution of axons, and higher functional recovery, as
compared to hollow lumen tubes. We next tested whether this effect can be further enhanced by
the addition of growth factors, to repair critical nerve injuries with >3cm tissue loss, and how that
affects functional outcome. In this dissertation, we provide specific neurotrophic and pleiotropic
cues to promote axon growth, increase maturation and re-myelination after injury, uncover
possible mechanisms that affect axon pathfinding and functional recovery. We also developed 3D
printed S-shaped conduits to determine the effect of geometry and topography on growing axons
and mimic a critical gap in the rat model.

In Chapter 2, continuing from a previous study, we analyzed electron micrographs of distal end of
nerve samples to determine the degree of myelination provided by pleiotrophin (PTN) and glial-
derived neurotrophic factor (GDNF) treatments. Although we observed a moderate effect of PTN-
GDNF in enticing axons and restoring function, there was a substantial lack of myelination, mainly
contributed by abnormal radial sorting of the regenerating axons. We proposed that in addition to
neurotrophic factors, incorporating biomolecules to stimulate Schwann cells into correctly sorting
growing axons will improve re-myelination, and subsequent functional recovery.

In Chapter 3, we reasoned that since axonal derived Neuregulinl Type-IlI signals Schwann cells
to sort out large axons and myelinate them, incorporating it into the BNI will enhance re-
myelination in a 4cm nerve gap. With an improvement in re-myelination and functional recovery,
for the first time we show a neurotrophic effect of NRG1 Type-Ill alone. Here, we propose a
possible signaling pathway wherein exogenous neuregulin binding to Schwann cells triggers

release of endogenous growth factors from the Schwann cells, that bind to receptors on the nearest
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axon, triggering growth and myelination, and further release of the membrane bound isoform
NRG1 Type-l1ll, in a two-way axo-glial signaling.

In Chapter 4, we developed 3D printed S-shaped nerve guide conduits (NGCs), to mimic a critical
gap in the rat model and determine if axons can grow along curved paths. By comparing 10mm
straight conduits with 13mm S-shaped conduits, we found that despite the 3mm difference in
length, axons regenerated across the tubes within the same 7 week period, with no differences in
the number, and with equal functional recovery. This model probes the importance of topological
cues in axon guidance as well as provides a critical injury model that can be exploited for the
standardized sensori-motor assessment techniques available for the rat.

Together, the work described here highlights the complexity of growth factor mediated peripheral
nerve regeneration and re-innervation and its effect on restoring function, provides possible
mechanisms of axon maturation that can be further exploited to enhance the intrinsic regenerative

capacity of peripheral axons.
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CHAPTER 1

INTRODUCTION

1.1 Clinical Significance

Peripheral nerve injuries result in loss of motor and sensory function along with formation of
painful neuromas, and partial or complete paralysis [1], [2]. In the United States alone,
approximately twenty million people suffer from peripheral nerve injuries resulting in about $150
billion spent annually on medical care[3]. These injuries are either, crush and stretch injuries, or
more severe such as complete transection. A recent clinical study indicated that 84.6% of
peripheral nerve injuries were transection injuries, resulting from sharp objects, occupational
accidents, or gunshot wounds [4]. Others have reported that 25% of sciatic nerve lesions are
iatrogenic, typically caused during surgical repair of fractures or joint replacements [5]. It is also
known, that tissue loss results in gap formation, and that the length of the gap is critical if longer
than 3 cm. Further complicating the possibilities of functional recovery is the fact that denervated
muscles atrophy over time, therefore, delays between the time of the injury and the surgical repair,
greatly diminishes the degree of successful recovery [4]. Indeed, long term retrospective studies
have shown that only 25% of the individuals with critical peripheral nerve gap injuries regain
motor function, while only 3% experience any sensory recovery at all [6]. This results in permanent
disability in most individuals, affecting their overall quality of life. The gold standard for the repair
of nerve gap injuries is the autologous graft. However, the limited amount of donor tissue and
deleterious co-morbidity, has motivated the development of biodegradable nerve conduits, several
of which are FDA approved. Unfortunately, none of the available nerve guides match the quality

and functional recovery achieved by autografts. Thus, the need of improved bioengineered nerve



strategies remains. In addition, the biological process of nerve regeneration is complex, and
involves multiple cells types, which actions are tightly coordinated through molecular signaling,
mediated both by releasable and surface-attached proteins. As our understanding of the biological
and molecular processes involved in nerve injury and repair advances, it is imperative that such
knowledge is incorporated into bioengineering approaches in order to achieve maximal functional

recovery.

1.2 Organization of The Peripheral Nervous System

The peripheral nerve trunk is cylindrical and contains bundles of axons, resident Schwann cells,
and fibroblasts, all wrapped with a connective tissue layer called the epineurium. The individual
axons are embedded in a protective connective tissue called the endoneurium. Bundled axons form
fascicles which are in turn wrapped by specialized perineurial cells with tight-junctions between
them, which then form a blood nerve barrier between the axons and the structures external to the
epineurium [7], [8]. In the fascicles, 10% of the total cell population are fibroblasts, while
macrophages account for 2-9% [9]. The remaining cell are all Schwann cells, present in multiple
phenotypes, including pro-myelinating, myelinating, Remak, and senescent, based on location and
function [10]. All these cells together provide trophic support to the axons, carry out signal
conduction, and maintain neuroimmunology and homeostasis within this microenvironment [9],
[11].

1.3 Peripheral Nerve Injury Classification

Damage to the nerve is classified into severity categories based on the Sunderland and Seddon
methods [12], [13] (Figure 1.1 and Table 1.1). Neurapraxia is described as mild type of nerve

damage, affecting only the insulating layer of myelin that wraps some axons resulting in temporary



conduction block. Since the axon, endoneurium and epineurium are intact, no surgical intervention
is necessary and, given the capacity of the PNS for spontaneous repair, full function recovery is
expected. Axonotmesis occurs when nerve injury damage the axon fibers without affecting the
perineurium or epineurium layers. This type of injury also regenerates with complete restoration
of function. The most severe type of nerve damage is known as neurotmesis, which is characterized
by complete disruption of the nerve trunk, with complete transection of all nerve layers and
disconnection between a proximal and distal segment. This type of injury requires surgical
intervention for repair, including the direct suture of the nerve segments or the use of an autograft
for repair if the injury resulted in tissue loss and gap formation. This type of injury undergoes slow
regeneration, with incomplete or lack of functional recovery. Sunderland further characterized
axonotmesis into sub-classes based on severity of damage to the multiple layers and surgical
outcomes [12]. Table 1.1 describe both types of nerve injury classifications and Fig. 1.1 illustrates
the different types of injuries.

Table 1.1. Classification of Nerve Injury. Adapted from [14]

Seddon Sunderland Degree of Damage
Classification Classification
Neurapraxia I Mild myelin damage

Nerve bundle intact
Full Functional Recovery

Axonotmesis I Axon damaged
Endoneurium and Epineurium Intact
Full regeneration

i Axon and endoneurium damaged
Incomplete recovery




v Axon, endoneurium and  perineurium
damaged

Epineurium intact

Surgical repair required

Moderate recovery after repair

Neurotmesis \Y Complete transection of entire nerve

Surgical repair required

Recovery dependent on amount of tissue lost
VI Mix of any of the above

Upon injury, axons distal to the site of injury undergo a programmed process called Wallerian
degeneration, resulting in loss of the axons at the distal end and denervation of the target muscle[2],
[15], [16]. The process of Wallerian degeneration is also essential in creating a conducive

microenvironment for regeneration of new axons[2], [17].

Epineurium

Neuropraxia Perineurium

Sunderland | ; Neurotmesis

Axonotmesis

Sunderland it Sunderland IV

Sunderland I Sunderland V

Figure 1.1. Classification of nerve injury based on Seddon and Sunderland. Figure taken
from[18]

1.4 Cellular Response To Nerve Injury
1.4.1 Wallerian Degeneration
After injury, all cells in the peripheral nerve have an immediate reaction [19], [20]. Fibroblasts,

Schwann cells and resident macrophages, participate in clearing axonal debris, while secreting



growth factors and inflammatory cytokines as part of the inflammatory response. Upon injury,
axons distal to the site of injury undergo a programmed process called Wallerian degeneration
(WD), where Schwann cells wrapping axons are activated to reabsorb the myelin, proliferate,
migrate and form bands of Bunger, which serve as cellular scaffolds for regenerating axons, also
releasing a number of growth factors to guide and entice their growth [2], [15], [16]. The process
of WD is essential in creating a conducive microenvironment for regeneration of the affecting
axons [2], [17], and was first described by August Volney Waller in the frog glossopharyngeal
and hypoglossal nerves [19]. Studies in C57BL/Ola mice containing the slow Wallerian
degeneration protein (WLD?®), show intact axons at 35 days after injury, compared to wild type
mice, which at that time show fully degenerated axons [21], [22]. Damage to the axonal membrane
triggers microtubule fragmentation mediated by calcium-calpain, ubiquitin proteasome system
(UPS) and the recently found sterile alpha- and armadillo-motif-containing protein-1(SARM-
1)[23]-[25]. It has been shown that extent of axonal regeneration and the rate of functional
recovery was extremely slowed in the C57BL/Ola mice as compared to wild type, due to absence
of WD related early regeneration associated genes [21]. Degrading axolemma and ECM proteins
in the degenerating axons then activate the Toll Like Receptor (TLR) signaling of Schwann cell
proliferation and differentiation [26]. Therefore, Wallerian degeneration plays a critical role in
signaling breakdown of injured axons, invasion of immune cells and inducing proliferation of and
growth factor secretion by Schwann cells.

1.4.2 Neuronal Cells

When a peripheral branch of the nerve is injured, retrograde signals are sent to the cell bodies in

the dorsal root ganglion and the spinal cord, initiating a “positive injury signal” [27]. This signal



involves local activation and transport of mitogen activated protein kinases (MAPK) like Erk, c-
Jun kinase as well as protein kinase G [28]-[32]. In turn, the activated Kinases interact with
dynein/dynactin to affect microtubule alignment and organization, that mediates the elongation of
the growth cone of the axons during axonal regeneration [28]. Several immediate early genes are
activated in the cell bodies, including cJUN, cFOS, ATF-3 and cAMP response element binding
protein (CREB) which together trigger axonal death as well as initiation of regeneration [33], [34].
In the DRG, non-neuronal cells like macrophages and satellite cells have also been shown to

migrate and proliferating around neuronal cell bodies [35]-[37].

1.4.3 Schwann Cells

Upon injury to the peripheral nerve, Schwann cells contribute to WD by endocytose fragments of
myelin with autophagolysosomes that clear the debris [38]. Myelinophagy is regulated by the
JNK/c-Jun pathway in these cells, and is distinct from those involved in repair mechanism [38],
[39]. During the regeneration phase, STAT3 controls the fate of repair Schwann cells to maintain
long-term survival [40]. Additionally, macrophages secrete VEGF which produces neo-
vasculature in the regenerating bridge, thereby providing a path for SC migration [41]. After injury,
SC dedifferentiation is regulated by TGFp, which reprogram them into mesenchymal like cells in
a wound healing like response [42].

1.4.4 Macrophages

TLR signaling of Schwann cells during WD activates recruitment of macrophages near the injury
site for phagocytosis of axonal debris [43]. The immune complement system is known to activate
the infiltration and proliferation of macrophages. Venom induced complement depletion reduced

the number of macrophages recruited as well as delayed regeneration [44]. In addition to the injury



site, macrophage infiltration also occurs near the cell bodies of axotomized neurons [35], [37]. A
recent study in rodents and human tissue demonstrated that macrophages are closely associated
with Schwann cells after injury, and play a critical role in re-myelination and conduction velocity

of the regenerated axons [45].
1.5 Current Repair Strategies

1.5.1 Primary Repair

The type of treatment for nerve repair mainly depends on the extent of injury as classified above.
In injuries with minimal or no tissue loss, and a tensionless coaptation of the proximal and distal
stump is possible, direct repair with micro-sutures is performed [46]. Good surgical outcome
depends on fascicular matching, appropriate vascular support, and requires precision surgical
technique for lining up the nerve bundle [47]. This type of direct repair is possible in approximately
85% of nerve trauma patients, while the rest require secondary repair methods [48]. This is due to
the fact that stretching of nerve tissue over 10% has been shown to create a secondary injury, with

permanent loss of 20% of normal blood flow [49], [50].

1.5.2 Secondary Repair with Nerve Autografts

For the repair traumatic nerve injuries without a clean transection and with tissue loss, autologous
nerve grafts are considered the gold standard. First extensively studied by Millessi, this repair
technique involves the sacrifice of a healthy nerve in the patient, normally cutaneous branches that
innervate the foot, in lieu of the injured nerve [51]. Autograft allow nerve repair without tension,
which is needed as this avoids the possibility of compromised blood flow and regeneration failure.
Common donor harvested nerves use for autografts include the sural nerve, the medial or lateral

antebrachial cutaneous nerve and the superficial sensory branch of the radial nerve [52]. Autografts



contain the resident Schwann cells that provide neurotrophic factors as well as extra cellular matrix
proteins like laminin and collagen that advance the growth cone of the regenerating axons.
However, due to the limited availability of donor nerves, and the incidence of undesirable co-
morbid effects including neuroma pain at the donor nerve site, off-the-shelf biosynthetic
alternatives are highly desired and many have been proposed in the last two [53]. Despite this, a
recent survey of surgeons reported that for large or critical gap injuries (those with >3cm tissue

loss), autologous grafts are preferred in 78.9% of the cases, due to lack of better alternatives[54].

1.5.3 Processed Nerve Allografts

In nerve injuries where autologous nerve grafts are unavailable, donor nerves from cadavers are
used for repair[53], [55], [56]. These donor nerves or allografts are processed in multiple freeze-
thaw cycles and with detergents to decellularize them so they are non-immunogenic[57], [58].
Clinical studies have shown allografts to be safe and effective for the bridging of nerve gaps up to
50mm [53], [59]. However, despite decellularization, patients implanted with allografts are
required to take immunosuppressants for as long as 18 months after implantation, with some
patients still experiencing graft rejection[60]. Although chemically treated allografts eliminate the
need for immunosuppressants, the Schwann cells present in them have been shown to express
senescence markers like p16®, IL6 and senescence associated B-galactosidase[61], [62]. This
process prevents the cells from proliferating, changes their secretory profile, further limiting
axonal regeneration over longer injury gaps [61], [63].

1.5.4 Synthetic Nerve Guide Conduits

Limitations of autologous nerve grafts and decellularized allografts in repairing long nerve defects

calls for a need for developing biosynthetic nerve guides conduits that will mimic the internal



architecture of the nerve and provide chemical and topological cues that will drive the axons to
regenerate over longer distances. Currently, there are multiple natural and artificial polymer tubes
approved by the Food and Drug Administration (FDA), to be used as nerve guides [64], [65] (Refer
to Table 1.2). These are hollow conduits made of Poly (lactic acid) (PLA), Poly (DL-lactide-¢-
caprolactone) or collagen derived from animal tissue. Multiple pre-clinical studies indicate that
these hollow conduits are as effective as autografts, but only to repair shorter gaps of up to 2 cm
[66]-[68]. A recent industry analysis reported that surgeons and patients prefer autologous nerve

grafts or allografts for repairing nerve gaps more than 3 cm [54].

1.5.5 Biomimetic Fillers for Nerve Guide Conduits

In order to increase the gap length that can be repair with nerve guides, several studies use
intraluminal fillers to provide a more natural environment to regenerating nerves. Figure 1.2 is a
schematic of the different alternatives that can be used, independently or in combination, to
enhance axonal regeneration. These include transplantation of stem cells, growth factor releasing
polymers, microchannels, porosity of the conduit wall, an internal scaffold for structural support,
among others [65], [69].

Table 1.2. Commercially available FDA approved nerve guide conduits (Table adapted from [64],
[65])

Product Name and | Length Material Conduit Structure

Manufacturer Available

Neurotube® (Synovis) 2-4cm Polyglycolic Acid Absorbable Mesh
Tube



http://www.synovismicro.com/

caprolactone)

NeuraGen® (Integra L.ife | 2-3cm Type-1 Collagen Semipermeable

Sciences)

Neuroflex™ (Collagen | 2.5cm Type-1 Collagen Flexible,

Matrix) Semipermeable
collagen matrix

NeuroMatrix™ (Collagen | 2.5 Type-1 Collagen Semipermeable

Matrix) tubular matrix

AxoGuard™ (Axogen, Inc.) | 1cm Porcine  Submucosal | Strong, flexible

Extracellular Matrix | tube
Neurolac® (Polyganics) 3cm Poly (oL-lactide-g- | Transparent Tube

Among these, adding Schwann cells have shown to improve regeneration across 12 mm
gap in rats, although autologous SC were more effective than cultured cells [70], [71]. Adipose
derived stem cells have also been shown to differentiate into neural cells, express neuronal markers
and enhance nerve regeneration in the rat sciatic nerve [72], [73]. Forskolin-induced differentiation

of bone marrow stromal cells into Schwann cell-like cells, similar to those of myelinating

phenotype, increased the re-myelination after injury[74], [75].
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»
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Figure 1.2. Nerve conduits with luminal fillers used to mimic the internal architecture of the
nerve. Incorporation of Schwann cells, neurotrophic factors, topographical cues like

microchannels and ECM proteins provide structural and functional support to growing axons.
Figure from [65]

When reparative Schwann cells begin the process of regeneration, they aligned and form
structures known as Bands of Biingner, which act as cellular scaffolds for the re-growing axons
[76]. Use of aligned microstructures for guiding axons in the lumen of nerve guides, therefore offer
a biomimetic regenerative support[77]. Our group and others have shown that introducing
hydrogel microchannels filled with collagen, or aligned PLGA fibers into nerve guides,
significantly improves axon guidance and migration of Schwann cells, further promoting nerve
repair [78]-[81].

Material based advances in fabrication techniques have also contributed to design of novel

nerve guide conduits. Electrospinning, freeze-drying and porogen-leaching techniques use
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biocompatible polymer materials that allow control over porosity, fiber alignment as well as
thickness of the conduit wall. Rapid proto-typing by use of 3-D printing further allow the potential
of having complex geometrical luminal designs and improve manufacture reproducibility [82].

The following Table 1.3 covers the different fabrication techniques and the advantages offered.

Table 1.3. Fabrication techniques for tissue engineered nerve guide conduits. Adapted from [83],
[84]

Method of | Materials Used Advantages

Fabrication

Electrospinning | Collagen, Chitosan Controlled porosity,

PLLA, PLGA, Silk High surface to volume ratio allowing cell

adhesion
Porogen Chitosan, PLLA, | Higher Porosity
Leaching PLGA, PCL Permeability to Nutrients
Freeze Drying Gelatin, Collagen Allows use of natural polymers

Phase separation | Collagen, Chitosan Produces an interconnected porous structure
PLLA, PLGA, | Scalable and controllable

Alginate

Mandrel Based | Agarose, Chitosan, | Aligned Microchannels

PLLA, PLGA Added structural support
Rapid Polyethersulfone, Form complex 3-D structures
Prototyping PLLA, PCL, | Reproducible pore size and distribution

Polyurethane
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1.5.6 Growth Factor Support

Growth factors are proteins released primarily by Schwann cells and target cells, which attract and
support the regeneration of injured axons. These are organized into protein families, among which
are neurotrophins such as Nerve Growth factor (NGF), brain-derived growth factor (BDNF) and
the glial-derived nerve factors include GDNF are known to mediate nerve regeneration
preferentially of motor axons [85][17], [86]. GDNF was first extracted from rat glioma cell line as
a tropic factor for the embryonic mid-brain[87]. Later it was found that GDNF also had trophic
effects on the neurons of the periphery. After axotomy, GDNF level increased significantly and
were at the highest concentration in the ventral root, until day 15 [88]. Myelinating and non-
myelinating Schwann cells also secrete GDNF after injury, via purinergic receptors and
downstream signaling of protein kinase D (PKD), which increases transcription of GDNF [89].
After regeneration of injured nerves, synthesis of GDNF is lowered, highlighting the critical role
of this trophic factor in injury [90]. The use of GDNF in axon regeneration has been investigated
by many groups. GDNF binds to its receptor GRF-o and then to Ret tyrosine kinase, with
downstream effects resulting in phosphorylation [87]. In high concentrations, GDNF has shown
to enhance proliferation of Schwann cells, resulting in myelination of previously unmyelinated
axons [91]. In a delayed repair model of nerve injury, GDNF loaded PLGA microspheres and
collagen conduits with functionalized GDNF, both improved motor nerve regeneration[92]-[95].
Activating Transcription Factor-3 (ATF-3) is produced as an injury marker in sensory and motor
neurons. Exogenous GDNF applied after axotomy reduced expression of ATF3 in DRG cells by
approximately 60% [96]. One study investigated the effect of GDNF fused with laminin binding

domains injected inside an NGC, which improved recovery and axon fiber area in 5Smm injury to
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the recurrent laryngeal nerve of rats [97]. Similarly, GDNF expressing Schwann cells injected in
an acellular nerve allografts, provided enhanced regeneration and muscle re-innervation [98][99].
Electrical stimulation of the muscle has been shown to elevate intramuscular BDNF and GDNF
mRNA after nerve injury, which can then diffuse toward the growth cone, supporting axon
regrowth [100]. Furthermore, treadmill exercise after nerve injury elevated levels of GDNF and
BDNF in serum, nerve and muscle, implicating these molecules repair of damaged nerves [101].
Additionally, intramuscular delivery of GDNF acts synergistically with NGF and CNTF to restore
functional recovery in rats[102], [103].

Pleiotrophin belongs to the heparin-binding growth factor family, and was first isolated
from rat brain, suggesting their role in the CNS, involved in synaptogenesis, dendritogenesis and
axonal outgrowth [104] [105]. PTN and its homolog midkine are known to be involved in liver
regeneration [106]. Similar to other neurotrophic factors, PTN is also upregulated in denervated
ventral root after axotomy, and persist up to 30 days after injury [107]. PTN also expressed in SC
and endothelial cells immediately after injury, and one week later in macrophages[108]. In spinal
cord cultures in vitro, PTN exhibits a neuroprotective effect, against glutamate excitotoxicity, and
prevents denervation induced motor neuron death in vivo. This effect of pleiotrophin in motor
neurons is mediated through the ALK receptor which induces phosphorylation of downstream
effector molecules [109]. Pleiotrophin also binds to receptor protein tyrosine phosphatase
(RPTPB/C), important for cell proliferation, adhesion and transformation[110] and its effect is
mediated by B-catenin that stabilizes the cytoskeleton via the cell adhesion molecule cadherin and
the cytoskeletal protein actin [111]. Our group also recently showed that PTN increases the number

of sensory axons in an amputee model of axon regeneration, highlighting its effect in selective
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enticement of sensory fibers [112]. However Blondet et.al in 2006 showed that exogenous PTN in
lesioned nerve impaired muscle reinnervation[113]. It is therefore important to investigate the
efficacy of PTN in repairing long gap nerve injuries.

Other growth factors including insulin growth factor-2 (IGF), ciliary neurotrophic factor
(CNTF), fibroblast growth factor-2 (FGF-2) and neurotrophin 3 (NT-3), are upregulated after
injury in all nerve types[88], [107]. Table 1.4 lists the growth factors tested in pre-clinical injury

models, and some of the effective different delivery methods used.
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Table 1.4. Neurotrophic factors tested in pre-clinical studies of nerve repair. Table adapted from

[114], [115]

Neurotrophic | Delivery Method | Conduit Injury Model Regenerative Effect
Factors Used
BDNF Cross Linked Collagen Rat Sciatic nerve | Large myelinated
Transection axons
Tube Rabbit 15mm Nerve | Comparable to
gap autograft
GDNF Silk and PLGA | Fibrin Rat 8-15mm gap More nerve tissue, SC
migration and
Microspheres proliferation
NGF Admix, Silicone, | Rats, 13mm gap High axon number and
_ o Rabbits, 25mm gap | density
Microspheres Amniotic Dogs, 30mm gap Regeneration
comparable to
membrane autograft
VEGF Matrigel Silicon Rat, 10mm gap Improved muscle
weight and foot pad
innervation
CNTF Direct mixing Silicon Rat, 10mm gap Better muscle weight,
myelinated axons
NT-3 Direct Mixing PHEMA, | Rat, 10mm gap
Collagen
Matrix
FGF Direct Loading PHEMA, | Rat,10mm gap Comparable to
autograft
Collagen

Matrix




1.5.7 Electrical Stimulation

Muscle atrophy in two weeks following denervation, since target-derived growth factors are
needed for targeted re-innervation, muscle atrophy limits the functional recovery [116], [117]. It
has been reported that 60 min of electrical stimulation (ES) at 20 Hz following injury and
immediate repair, significantly accelerated the rate of nerve regeneration [116], [118]-[120].
Furthermore, even after a 4 week delayed repair, ES provided a two-fold increase in muscle force
[121]. It is known that ES activates a number of growth promoting molecules in the injured
neurons, thus resulting in increased number and growth rate of axons [116]. In turn, ES of the
denervated muscle has also shown promise in improving motor recovery, however, its effects in
long gap repair is yet to be determined [119].

1.6 Biosynthetic Nerve Implant (BNI)

We previously have developed a biosynthetic nerve conduit, which is a multi-luminal tube
intended to provide chemical and topographical cues to growing axons[122]. It is fabricated using
a polyurethane tube consisting of an agarose scaffold, with micro-channels consisting of collagen
to support regenerating axons. Using a rat model of sciatic nerve transection, we were able to show
the enhanced effect of the microchannels and agarose scaffold in repairing a 10mm gap. The
regenerated nerve consisted of fascicle-like bundles of axons, confirmed from Toluidine blue

staining.
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Figure 1.3. A&B) longitudinal view of the BNI with different number of microchannels. C &D)
Figure 1.4Transverse view of the distal end of the BNI showing the successfully regenerated
nerve, in fascicle like structures. E) Toluidine blue staining of the nerve section showing
fascicles and F) abundant small and large myelinated axons inside the channels. Scale Bar: 50um
(Figure from[122] )

Our results indicate that the BNI is a promising solution for bridging short gaps. However,
its effectiveness in repairing nerves over longer gaps remains to be seen, given the nature of this

complex process.
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1.7 Specific Aims

The specific aims of this dissertation were focused on 1)Understanding the lack of functional repair
despite abundant nerve regeneration with synergistic growth factors on long gap regeneration, 2)
enhance re-myelination using growth factors to restore functional recovery and 3) to develop a
rodent model of long gap nerve regeneration.

e  Specific Aim 1: Using ultrastructural analysis (Chapter 2), determine the state of axonal
maturation as affected by growth factor support across critical gaps and the level of muscle-re-
innervation achieved.

o Specific Aim 2: As described in Chapter 3, we hypothesize that addition of Neuregulinl
type-111, will enhance radial sorting in the regenerating axons and subsequent re-myelination with
improved function.

o Specific Aim 3: In the last aim (Chapter 4), we developed a rodent model of long gap nerve
repair by designing an S-shaped, 3-D printed nerve guide conduit and evaluated the effect of
topology on axon regeneration and its feasibility as a viable alternative to the use of larger animal
models for the test of long gaps repair strategies, while taking advantage of the broad behavioral
sensory-motor tests, and biochemical and cell biology techniques, that are well established in the

rat model.
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CHAPTER 2

EFFECT OF PLEIOTROPHIN AND GLIAL DERIVED NEUROTROPHIC FACTOR IN
REPAIRING A CRITICAL NERVE GAP!

2.1 Introduction

Although the peripheral nervous system has a robust regenerative capacity, repairing injuries
involving large segment tissue loss are still a formidable challenge. Despite the availability of
autologous nerve grafts, motor and sensory recovery is variable, and often incomplete [123], [124].
In addition, there is donor site morbidity, donor mismatch and the possibility of painful neuroma
formation[53]. This in part is due to the complex, highly coordinated mechanism of axonal
degeneration and regeneration after injury, involving multiple cellular populations, neurotrophic
factors and extracellular matrix proteins. FDA approved biosynthetic alternatives like hollow
nerve conduits and processed nerve allografts fail to fully mimic the internal environment of the
nerve, and have shown sub-optimal results in clinic[125].

The main advantage of autologous grafts seems to be the presence of Schwann cells that
secrete growth factors, extracellular matrix protein, as well as substrate for axonal growth. To that
end, we have previously developed a multi-luminal Biosynthetic Nerve Implant (BNI), a
polyurethane tube, consisting of an agarose scaffold with microchannels filled with collagen

matrix loaded with growth factor encapsulated microspheres (Figure. 2.1 A&D).

! The data and figures included in this chapter are reprinted with permission from Acta Biomaterialia. Nesreen
Zoghoul Alsmadi*, Geetanjali S. Bendale*, Aswini Kanneganti, Tarik Shihabeddin, An H. Nguyen, Elijah Hor,
Swarup Dash, Benjamin Johnston, Rafael Granja-Vazquez, Mario |. Romero-Ortega. Glial-derived growth factor
and pleiotrophin synergistically promote axonal regeneration in critical nerve injuries. Acta Biomaterialia, Volume
78, 2018, Pages 165-177, ISSN 1742-7061, https://doi.org/10.1016/j.actbio.2018.07.048.
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Figure 2.1. Fabrication of the Biosynthetic Nerve Implant, characterization of growth factor
microspheres and surgical implantation. (A) Cross section schematic of the BNI, showing its
composition (B) The release profile of the PTN microspheres, showing a sustained release.
Inserts: SEM images of the PTN-MPs and bioactivity assay showing axonal growth (C) BNI
fabrication method, showing casting of the agarose scaffold and E) Cross section of the BNI
showing the eight microchannels with luminal MP-collagen (insert). Scale bars: B) SEM: 5 um,
DRG: 1 mm, D) 1 mm, E) Device: 250 um, Insert: 10 um. F) 2 mm.

First, we systematically tested the effect of multiple neurotrophic factors on dorsal root
ganglia (DRG) explants in vitro. The quantification of density and length of neurite outgrowth
revealed that the combination of pleiotrophin (PTN) and glial-derived neurotrophic factor (GDNF)

provided maximum growth, while addition of a third growth factor did not further enhance this

effect (Figure 2.2).
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Figure 2.2. Effects of growth factors on neurite extension from DRG. (A) Confocal images of the
DRG explants following treatments with different growth factor combinations. (B) Axonal
length and C) number (density) indicated that PTN had a superlative effect on neurite growth,
independently and in combination with GDNF and NT-3. Axonal density is reported as
percentage of the negative control. *** = p < 0.001, ** = p < 0.01, * = p < 0.05. Scale bar
100um.

We further confirmed this neurotrophic effect on neurite extension from ventral motor
neurons in the spinal cord (Figure 2.3 A). We observed that the combination of PTN-GDNF
promoted maximum number and length of neurites as compared to the individual growth factors

(Figure 2.3 B&C).
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Figure 2.3. PTN-GDNF induces motor neurite outgrowth in ventral motor neuron of spinal cord
explants in vitro. (A) Confocal images of neurite outgrowth in spinal cord explants. (B) A
combination of PTN-GDNF showed a significant improvement in axon length and (C)number as
compared to control, or individual growth factors. ***=p <0.001.

We then incorporated this combination within the BNI, and investigated its effect in
promoting regeneration across 4cm nerve gap in a rabbit model of peroneal nerve transection, as
compared to a cut-resuture control.

At five months post-surgery, gross evaluation of the explanted regenerated tissue, showed
successful re-connection in all the BNI groups (Fig. 2.4A). The nerve tissue showed a more robust
growth in the BNIs containing the growth factors as compared to those with BSA.
Immunofluorescent labelling of B-I11 tubulin and PO confirmed axons and myelination in the
proximal segment of the regenerated nerves. The number of axons was similar in all the BNI
groups ranging from 1350 t01806, lower than those in the cut-resuture group (1412 + 186; Fig. 2.4

C). Evaluation of the distal segment of the regenerated tissue showed that the number of axons
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was reduced drastically in all the groups with BNIs. This indicates that most of the axons seen in
the proximal segment were unable to reach the distal end of the nerve gap. As expected, the cut-
resuture group had the highest number of axons (1885 + 247), while those with BSA, PTN and

GDNF had less than 25% of the control (361-394). However, those with a PTN-GDNF showed
twice the number of axons distally (708 + 385) as compared to the other BNI treatments, with a
trend towards significance as compared to the PTN group (372 +£231; p <0.053; Fig. 2.4 D).

To confirm re-innervation, we recorded compound motor action potentials evoked by stimulation,
from the tibialis anterior muscle using needle electrodes. In the cut-resuture group, a response peak
of 0.70 £ 0.20mV was recorded at 3X threshold (Fig.2.5 A). Electrical stimulation failed to evoke
a response in the other groups (i.e. BSA, PTN, GDNF, example shown in Fig.2.5 B). However, in
the PTN-GDNF groups, lout of 5 rabbits showed an evoked response of 0.05 mV, which was only
10% of the response observed in the cut-resuture group (Fig.2.5 C). Interestingly, this was the
only animal with few myelinated axons present in distal segment of the regenerated nerve. These

results highlight the importance of remyelination, to improve conduction and re-innervation.
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Figure 2.4. PTN-GDNF combination promote axon regrowth across a critical gap. (A) Images of
explanted regenerated tissue, showing successful re-connection in all the BNI groups. (B)
Immunofluorescent labelling of B-111 tubulin and PO confirmed axons and myelination proximal
(C) and distal (D) segments of the nerve tissue, with PTN-GDNF showing maximum number of
axons in both, with a trend towards significance as compared to the PTN only group. (p=0.053).
Scale Bar: 50um.
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Figure 2.5. Evoked compound action potentials from regenerated nerves. Stimulation of the
regenerated nerves evoked a close to normal response in the A) Cut-resuture group, but failed in
the B) BSA, PTN and GDNF groups.

Behavioral assessment showed that the cut-resuture group recovered earlier, approximately
80%, starting at three months (Figure 2.6). At the end of five months, animals receiving BNIs with
PTN-GDNF showed a significant 76% improvement as compared to the individual growth factors
and the BSA group (p < 0.05). Together, these results indicate that while PTN-GDNF promotes
the growth of axons across a 4cm gap, the number of axons as seen from immuno-histochemistry
is low, as compared to the cut-resuture control. Furthermore, while the combination provided
moderate functional recovery, lack of evoked response indicated weak remyelination and/or

incomplete muscle re-innervation.
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Figure 2.6. Modest recovery in Toe-Spread Index provided by PTN-GDNF. In the 4cm study,
Toe-Spread Index (TSI) at the end of five months confirmed moderate recovery in TSI in the
growth factor groups, but not comparable to the cut-resuture control. However, at the last time
point, PTN-GDNF group was significantly better than the BSA control. *** = p <0.001, *=p <
0.05.

During development and after injury, axons share a close, 1:1 relationship with Schwann
cells[33], [126]. As axonal growth cone proceeds, Schwann cells associate themselves with groups
of axons and ensheath them within basement membranes[127]. Depending on diameter, the
Schwann cells then sort these axons into myelinated or unmyelinated, via a highly coordinated
mechanism known as radial sorting [127], [128]. Axons that cross the 1um diameter threshold, are
sorted out by Schwann cells, which then switches to a pro-myelinating phenotype, wrapping the
axon with myelin[127], [129], [130]. Abnormal radial sorting, associated with Schwann cell
signaling, is known to affect axon caliber, maturation and subsequent myelination[131], [132].

In this chapter, we analyzed the ultrastructure of the regenerated tissue to determine the stage of

axon maturation and its effect on muscle re-innervation.
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2.2 Materials and Methods

2.2.1 Surgical Procedures

The biosynthetic nerve implant (BNI) conduits used in this study consists of a transparent
polyurethane conduit (3 mm OD, 1.715 mm ID; Micro-Renathane®; Braintree Scientific Inc.) 3
or 4 cm in length, with 8 microchannels casted in 1.5% agarose in the lumen. These microchannels
(7 of 0.35 mm and 1 in the center of 0.50 mm in diameter) comprised of 0.87 mm? total area, thus
providing 36.18% of the nerve conduit lumen available for the regenerating axons. Each micro-
channel was filled with growth factor-loaded PLGA microparticles (MP) suspended in type |
collagen releasing either bovine serum albumin (BSA), PTN, GDNF or PTN-GDNF. The MPs
were prepared using double emulsion as previously described [133] Sterilized polyurethane tubes
were first filled with 1.6% agarose and metal mandrels were then drawn out to create micro-
channels filled with a collagen-microsphere mixture, as described previously[134]. The BNIs were
then incubated at 37°C for 15 minutes to allow gelation of the collagen, before implanting in the
animals. A cohort of twenty-four adult female New Zealand white rabbits, divided into two sub-
cohorts, were implanted with biosynthetic nerve implants (BNI). Briefly, the peroneal nerve of
the rabbit was exposed through a 6cm muscle-sparing incision in the biceps femoris muscle. The
nerve was isolated from underlying connective tissue and a 30mm length was transected and
replaced by a 40mm BNI filled with PTN(n=6), GDNF(n=6), PTN-GDNF(n=5) as compared with
BNIs filled with BSA(n=3). As a positive control (n=5), the resected nerve section was cut and
immediately sutured. The incision site was closed with staples and the animals received an
analgesic (Buprenorphine SR, subcutaneous 1mg/kg, once every 72hours ) and antibiotic

(Sulfamethoxazole/trimethoprim , 40mg/ml/8mg/ml, oral, daily for two-three weeks). All animal
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experiments were performed in accordance with the guidelines of the Institutional Animal Care
and Use Committee of the University of Texas at Arlington, according to the NIH guide for the

care and use of laboratory animals.

2.2.2  Animal Perfusion and Tissue preparation

At the study for each cohort, anesthetized animals were perfused with 0.9% saline and 4%
paraformaldehyde. The regenerated nerve, with the implant tube intact, was harvested along with
the respective tibialis anterior muscle. The tissue was then post-fixed in 4% PFA for 24-48 hours
and then transferred to PBS solution. The regenerated nerve tissue was dissected, and the tube was
separated carefully. The wet weight of the extracted tibialis anterior muscle was recorded in

milligrams.

2.2.3 Immunohistochemistry

For neuromuscular junction (NMJ) staining, the tibialis anterior muscle was harvested, wet weight
recorded, fixed, and cryoprotected in 30% sucrose for 24-48 hours before embedding it in Tek
OCT. Thin slices (40um) were sectioned in the cryostat and co-labeled with the NF200 antibody
(1:200; Sigma Aldrich) to visualize the heavy microfilament subunit in axons, and Alexa Fluor
488-labeled a-bungarotoxin (1: 1000, Invitrogen) to visualize the nicotinic acetylcholine receptor
(AChR). Images were taken with a 63X oil immersion objective in the confocal microscope (Nikon
A1R). Grey scale images of the same sections were used to visualize muscle fiber boundaries to
measure area of individual muscle fibers. Three regions of interest per sample were used to trace
individual muscle fibers using ImageJ and area measurements were obtained. The data are

presented as mean plus standard deviation.
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2.2.4 Electron microscopy

A nerve segment 2.5 mm distal to the repair site was post-fixed in 2.5% glutaraldehyde in 0.1 M
cacodylate buffer. The tissue was then embedded in epoxy resin, and 1um thin sections were cut
and stained with osmium and examined at 6000x magnification using a JEOL LEM 1200 EX 11
system. Ten regions across each sample were randomly selected for quantifying axon number and

axon diameter using the Image J software.

2.2.5 Statistical Analysis

GraphPad Prism statistical analysis software was used to perform analysis of variance (ANOVA)
to compare the different groups. Post-hoc Tukeys or Dunns tests were used for multiple
comparisons. For axon diameter, the Shapiro-Wilk test indicated that the data was not parametric,
and the Kruskal-Wallis test was used. All data values are represented as mean plus standard

deviation unless noted otherwise. A value of p<0.05 was considered as statistically significant.
2.3 Results

2.3.1 PTN-GDNF mediates nerve regeneration across a 4 cm critical gap, but abnormal
radial sorting prevents re-myelination

As observed in Figure 2.4 B, the number of myelinated axons, present in the proximal segment of
the BNI groups, reduced considerably at the distal end. This indicates that over longer lengths, the
re-myelination effect of the growth factors was attenuated. To investigate this at the ultrastructural
level, we evaluated distal regenerated segments of the nerve using electron microscopy. Electron
micrographs allow a closer, more accurate measurements of axon diameter and myelination.
Quantification showed that although present in large numbers, axons in the BSA groups were small
in diameter (0.70 + 0.30um), unmyelinated, and present within Schwann cell basement membranes

(Fig.2.7 A). The axons present in the GDNF (0.84 + 0.48um) were similar in diameter as compared
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to the PTN (0.80 + 0.21um) group (Fig.2.7 B, C), also present in Remak bundles. Interestingly,
larger diameter axons (0.96 + 0.35um) were found in the PTN-GDNF group within Remak
ensheathing as well as some re-myelination of large axons (Fig.2.7 D). As expected, the mean fiber
size in the cut-resuture control was 1.01 £ 0.47um, with large axons up to 7um in diameter. These
data suggest that the presence of axons, albeit important, is not adequate for successful
reinnervation, and that the differentiation of Schwann cells resulting in normal axonal sorting and
myelination is critical. Although PTN-GDNF treatment moderately influenced axon diameter, the
extent of remyelination was poor, indicating a limitation in the pro-regenerative properties of the

neurotrophic factors.
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Figure 2.7. Radial sorting delay. Electron micrographs of axons in Remak bundles. (A)
Compared to those with BSA, larger unmyelinated axons were present in the (B) PTN and (C)
GDNF groups (arrowheads). (D) Some re-myelinated axons were present in the PTN-GDNF
group. (E) Schematic representation of different diameter axons in the Remak bundles for each
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group. (F) Axon diameter distribution showed significantly smaller axons in the BSA, PTN and
GDNF groups compared to the PTN-GDNF. Scale bar: 5um. *** = p <0.001, ** = p < 0.01.

2.3.2 PTN-GDNF moderately rescues muscle atrophy, mediates neuro-muscular re-
innervation

To determine target reinnervation by the regenerated axons, we labelled the neuromuscular
junctions in the TA muscle with a-bungarotoxin (for acetylcholine receptors) and NF-200 (for
axons). The intensity of axon/NMJs overlap was observed to be larger in the GDNF and PTN-
GDNF compared to the BSA and PTN groups, but not as elaborate as the (cut-resuture) control
(Fig. 2.8 A-E). The GDNF and PTN-GDNF showed a range of 3-5 NMJ with evident NF200/AchR
co-labeling, indicating that these were re-innervated muscles. However, quantification of the
tibialis anterior muscle mass was significantly larger in the cut-resuture control (6 = 0.41 @)

compared to all others with a growth factor (3.2-3.6 + 0.4 g) or BSA (2.67 + 0.7g; Fig.2.8 F).

PTN-GDNF

Figure 2.8. Re-innervation of the tibialis anterior muscle. (A) Co-labeling of axons (NF200) and
AchR clustering (a-bungarotoxin) demonstrated the successful target re-innervation. The
intensity of axon/NMJs overlap was observed to be larger in the GDNF (D) and PTN-GDNF (E)
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compared to the BSA (B) and PTN (C) groups, but not as elaborate as the (cut-resuture) control.
(F) Muscle mass did not improve significantly as compared to the positive control, indicating
limited rescue of muscle atrophy. Scale bar: 5um. * = p < 0.05.

In addition, muscle fiber area showed atrophy in all the BNI groups as compared to the
control (Figure 2.9, p<0.0001). However, PTN-GDNF showed a moderate rescue as compared to
the BSA and GDNF (p<0.01,Figure. 2.9). This data suggests that although PTN-GDNF provided
re-innervation, re-establishment of neuromuscular junctions was weak , which explains the lack of

evoked activity.
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Figure 2.9. Muscle fiber area calculated from tissue sections revealed a significant atrophy in all
BNI repaired animals as compared to the control, but a moderate rescue in the PTN-GDNF group
over the BSA group. One way ANOVA, ****p<0.0001 **p<0.01.

The results from this study demonstrate that multi-luminal conduits provide pro-
regenerative conditions for the injured nerve, and addition of PTN and GDNF further enhance

regeneration and provide moderate recovery across a 4cm critical nerve gap.
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2.4 Discussion

In this study, we characterized the synergistic effect of PTN and GDNF in successfully repairing
critical nerve gaps. Our results indicate that PTN does not induce abnormal growth of cells but in
fact improves number of regenerated large axons. In addition, the combination of PTN and GDNF
highly enhances axons as well as moderate remyelination with significant functional recovery. The
main findings presented here suggest that a combination of GDNF and PTN do have a synergistic
effect resulting in nerve regeneration across a 4 cm gap injury.

Our in vitro studies show that the combination of GDNF and PTN significantly enhanced
axonal outgrowth over the other treatment groups. After injury, PTN and GDNF are known to be
highly expressed in Schwann cells as well as in the ventral motor neurons[135]. While PTN is
known to be specific for motor neurons, GDNF facilitates both motor and sensory survival [88],
[107]. Previous studies have shown that mouse lacking GDNF or it receptors die right after
birth[136]. Reports show that exogenous administration of GDNF promotes axon sprouting after
transection of sciatic nerve[137]. GDNF binding to receptors Ret and GFRa stimulate neural
progenitor cells to differentiate[138] .Activation of GDNF receptors leads to intracellular changes
initiated by phosphorylation of a tyrosine subunit present on Ret resulting in a cascade of
intracellular activations leading to activation of the Ras-ERK pathways[139] . Additionally, PTN
has shown to be mitogenic, angiogenic and acts on Schwann cells, macrophages and endothelial
cells, suggesting its role in nerve regeneration [108], [113].PTN has been shown to promote nerve
elongation, cell proliferation and angiogenesis in regenerating skeletal muscle[140]. Developing
embryos have been found to express PTN in the peripheral nervous system and have been shown

to convey neurotropic support for motor neurons[109]. In fact, embryonic sensory neurons lacking
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the PTN receptor undergo apoptosis despite NGF support [141]. It is associated with the
protection, promotion and guidance of neural regeneration. In addition to skeletal muscle
reinnervation, PTN is also known to induce mitogenesis in different cells types, such as epithelial,
endothelial, mesenchymal, and neuronal cells[110] . Some reports suggested that PTN and its
receptor ALK have high expression level in cancer cells[142]. Our histology results, however,
show that PTN successfully regenerates axons after transection as indicated by the presence of 3-
I11 tubulin positive axons even in the distal end. In addition, gross anatomy also shows that there
was no abnormal growth of cells in the repaired nerve. A previous study by Blondet et al in 2006
delivered exogenous PTN to the nerve and muscle and showed that high concentrations(1mg/kQg)
of this peptide impairs nerve regeneration[113].However, in our study, we used very
low(20ug/mL), physiologically relevant concentrations of PTN and showed successful
regeneration. Our results indicate no tumor formation and for the first time, PTN was used to
bridge a critical gap.

Next, we tested a combination of PTN-GDNF in a 4 cm critical gap in a rabbit common
peroneal nerve injury model. We observed axonal regeneration in the distal end of the tube in all
animals that after five months post injury, the average number of axons at the distal section of the
regenerated nerve was two folds higher for the combination of PTN and GDNF group in
comparison to the BSA, PTN, and GDNF groups. This demonstrates the improved regenerative
capacity when growth factors act synergistically, however no myelination was present at the distal
section. This result was further confirmed by electron micrographs (EM). EM showed presence of
many unmyelinated axons in these groups, but a lack of myelinated axons. Our results point

towards a delay in axonal sorting during regeneration, which is visible by the presence of large,
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unsorted axon bundles. It has been long known that axonal diameter is a critical factor in
determining the extent of myelination and an axon on exceeding a diameter of 1um will be detected
by the Schwann cell and be myelinated [143]. The Schwann cells play a critical role in this
signaling and the neuregulin-1 family of ligands has shown to regulate Schwann cell proliferation,
differentiation and migration and eventual myelination[127], [144], [145]. Specifically,
neuregulin-1 type Il which is the axon derived sub-type is responsible for myelinating mature,
large diameter axons, by signaling the pro-myelinating Schwann cells [144]. It is also known that
axonal derived neuregulin regulates the Schwann cell derived neuregulin (type I) signaling. As
observed in our results, the presence of large axons but failed myelination suggests the need for
exogenous application of neuregulin along with the combination of trophic factors to enhance
regeneration with increased remyelination. In addition, to prevent muscle atrophy, nerve
regeneration across critical gaps can be accelerated through electrical stimulation of the nerve
and/or muscle as well as exercise therapy[116], [118], [146]-[150].

Our results demonstrate that PTN and GDNF act synergistically to bridge a 4 cm long gap
across nerve defect as confirmed by the toe spread index, electrophysiology, and histology more
effectively than either BSA, PTN, or GDNF. While thecombination of the
topographical multilaminar structural design of the BNI with the co-administration of growth
factors PTN and GDNF promotes the regeneration of axons across a 4 cm gap injury, delayed
radial sorting inhibits re-myelination. Further addition of growth factors that regulate Schwann
cell directed axonal sorting and promote maturation and re-myelination, could be an effective

strategy to restore maximum functional recovery.
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CHAPTER 3

ROLE OF NEUREGULIN 1- TYPE 111 IN AXON PATHFINDING, REGENERATION
AND FUNCTIONAL RECOVERY IN A CRITICAL NERVE GAP IN THE RABBIT
PERONEAL NERVE MODEL

3.1 Introduction

3.1.1 Neuregulin 1 family of proteins

The neuregulin 1 family of proteins, encoded by the nrgl gene, contain an epidermal growth factor
(EGF)- like domain and signal via the ErbB receptors. There are six types of NRGL1 proteins (Type
I-V1), and about 31 isoforms of these proteins, some of which are neu differentiation factor (NDF),
heregulin, glial growth factor (GGF), acetylcholine receptor inducing factor (ARIA), sensory and
motor differentiation factor (SMDF) [151], [152]. Nrgl knockout mice have shown to exhibit
abnormalities in neural development, axonal sorting and myelination as well as synaptogenesis
and glial cell development in the central and peripheral nervous system[151]-[154]. These proteins
all interact with the ErbB tyrosine kinases along their EGF-like domains, mainly due to the
homology between ErbB receptors and EGF receptors. The binding of the nrgl domain induces
dimerization in the ErbB resulting in downstream phosphorylation of the intracellular domains of
the ErbB receptors. Through this signaling, NRG activates the phosphoinositide 3-kinase (PI3K)
and phosphorylates MAPK and Akt to promote SC survival, migration and differentiation[155],
[156]. An extensive isoform specific study in animals heterozygous for neuregulin®*£¢-13 gllele
by Meyer et. al in 1997 describes specific roles for the different NRG1 isoforms. NRG1 Type-I
was abundant in the endocardium of the developing ventricle, with some Type-I1I present. In the

cranial ganglia, undifferentiated cells express Type |, regulating development and survival.
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Additionally, motoneurons and cells in the cranial and dorsal root ganglia express NRG1 Type-Il1l
that profoundly regulates Schwann cell fate and axon pathfinding[151]. In spinal cord motor
neurons, NRG1 is localized in the post synaptic regions, associated with C-bouton proteins like
vesicular acetylcholine transporter. The expression of these proteins is disrupted on axotomy,
suggesting a role in injury and repair [157]. Additionally NRG1 Type-I shows a two fold increase
in distal Schwann cells, sustained for 2 weeks after injury, suggesting a ‘de novo’ compensatory
effect due to loss of axonal contact [158].The different types of proteins encoded by the NRG1

gene are illustrated in Figure 3.1.
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Figure 3.1. Structural domains of the Neuregulinl family of proteins. Type-I and Il are soluble
isoforms, whereas Type-111 is a membrane bound isoform with a cysteine rich domain tethering
it to the membrane. Figure adapted from [159]
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3.1.2 Role of Neuregulin 1 Type-II1 in Peripheral Nerve Development and Injury

Of the many isoforms coded by the nrgl gene, NRG1 Type-Ill is known to play a significant role
in Schwann cell maturation and subsequent myelination of axons in the peripheral nervous system
(PNS), during development and after injury[127], [160].In the PNS, NRG1 Type-Ill is the axonal
derived isoform that binds to the ErbB2/3 receptors on the Schwann cells, triggering a signaling
cascade inducing conversion of pre-cursor Schwann cells into pro-myelinating or Remak
type[127], [144], [161]. After injury, this protein signals the Schwann cells to incorporate laminin
along the regenerative bridge facilitating axonal growth[162]. Levels of NRG1 Type-I1l in axons
differentially determines myelination or ensheathment within Remak bundles, as well as number
of axons associated with one Schwann cell forming the bundle. In axons, NRG1 Type Il is the
only ligand that dictates this type of SC signaling.[127], [144]. Mutation of NRG1 Type-IIl in
zebra fish demonstrated that Schwann cell migration is profoundly affected along the nerve, and
that these cells trespass into the spinal cord when NRG1 type-I11 is overexpressed. This highlights
the potential instructive role of neuregulin in development of axons, as well as after injury[163].
Immediately after axotomy, there is a marked downregulation of ERBb2/3 receptors, which is then
upregulated up to 28 days after injury. In striking similarity, mMRNA levels of NRG1 Type-IlI stays
upregulated after injury and up to 28 days, suggesting the role of this ligand and its cognate
receptor in degeneration and regeneration [164]. NRG1 Type-IlI drives remyelination after injury
by upregulating myelin related proteins like myelin basic protein, myelin protein zero and myelin
associated glycoprotein for up to two weeks. During this initial stage, mutation of neuregulin
impairs re-myelination, for about 2 months, but is later rescued by compensatory

mechanisms[129]. However, in critical nerve transection injuries, we and others have shown that

39



such mechanisms fail due to long term denervation and Schwann cell senescence, emphasizing the
importance of NRGL1 type-I1I in re-myelination and subsequent functional recovery[61], [134]. In
superior cervical ganglion axons, inhibition of ErbB receptors or knocking out NRG type Il
resulted in reduced SC proliferation and migration and markedly increased apoptosis of existent
cells, implicating NRG1 Type-IlI in development of sympathetic axons as well[165]. GTPase
dynamin 2 regulates membrane remodeling, fission and vesicular trafficking and deletion of Dnm2
in development, impairs axonal sorting and onset of myelination while in adults, causes peripheral
neuropathy and demyelination [166]. Ablation of dnmn2 in mouse skeletal muscle results in
muscle atrophy, fiber loss, abnormal NMJ formation and peripheral nerve degeneration [167].

In our previous work (described in Chapter 2), we have shown successful regeneration of
the peripheral nerve across a 40mm peroneal nerve gap, using glial-derived neurotrophic factor
(GDNF) and pleiotrophin (PTN)[134]. Although the combination of these growth factors resulted
in maximum functional recovery and highest number of axons as compared to the negative control,
there was lack of myelination and inadequate neuromuscular contact[134]. The electron
micrographs of the regenerated nerves showed abnormal axonal sorting, with large (>1um
diameter) axons ensheathed within a Schwann cell basement membrane. It is known that during
development and/or after injury, growing axons that surpass the 1um diameter threshold, are sorted
out by a pro-myelinating Schwann cell, and subsequently myelinated, proportional to the levels of
NRGL1 type-Ill present on the axon[10], [168]. The smaller axons are bound within a single
basement membrane in groups of 12-14, thus forming a Remak bundle[10], [169]. Based on our

previous results, we propose that NRG1 type-Ill, in combination with PTN will enhance axonal
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sorting and regeneration, promote myelination and subsequent neuro-muscular reinnervation, in a

4cm critical peroneal nerve gap.
3.2 Materials And Methods

3.2.1 Microparticle fabrication and characterization

The growth factors pleiotrophin (PTN) and neuregulin 1 type-1Il (NRG1 Type-1Il) were
encapsulated in 50% polylactic: 50% Co-glycolic acid (PLGA, Sigma Aldrich) using a previously
described double emulsion method [133]. Briefly, 20pug of NRG1 Type-111 (R&D Biosystems) and
20pg of PTN (Invitrogen) were dissolved in DI water separately and added to a mixture of
dichloromethane (DCM) and PLGA. After multiple sonication cycles, the DCM could evaporate
from the solution over the course of four hours. Thereafter, the remaining solution was centrifuged
at 5000 rpm for 15 minutes and the precipitate was frozen at -20°C overnight followed by
lyophilization. The loading efficiency of the microspheres was calculated to be 68%. A zeta
potential analyzer was used to measure the size of the resulting microspheres and the stability of
the microspheres was determined from their polydispersity index. As a no growth factor control,
PLGA microspheres loaded with DIW were prepared using the same method. As determined from
the zeta potential analyzer, the size of the microspheres was 3098.25+ 0.185nm for the NRG1
Type-111 microspheres and 2436 +0.529nm for the PTN microspheres. The stability of the
microspheres as determined from their polydispersity index was 0.185 and 0.529 for the NRG-1
and PTN microspheres respectively (Figure 3.2). For the control microspheres, the particle size
was 2465+ 91 nm with a polydispersity index of 0.7 (Figure 3.2). The long term sustained release
of the growth factors was determined by suspending 1g microspheres in 1ml PBS at 37°C and

collecting the solution at regular intervals spanning one month. The growth factor content in the
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release samples were quantified using commercially available ELISA kits (NRG-1, PTN) and read
at 550nm using an EPOCH 2 microplate reader (BioTek). The PLGA microspheres provided a
sustained release of protein over a period of twenty-six days (Figure 3.2 A), with a 1500ng/ml
concentration by the last day, which has been shown to be optimum for Schwann cell proliferation

and differentiation[156].

3.2.2 Bioactivity Of Encapsulated Protein In Vitro

To assess whether the encapsulated growth factors were biologically active, dorsal root ganglia
(DRG) explants were incubated with the microspheres and neurite growth was quantified. Briefly,
neonatal mice (P0O-P4) were used to harvest dorsal root ganglia explants. After cleaning the
connective tissue, the DRG were placed on PDL and laminin coated glass bottom wells and
stabilized in place using 15ul collagen (EMD Millipore#ECM675). Microspheres mixed with
collagen solution were placed in each well and incubated at 37°C for 15 minutes to allow the
collagen to polymerize. Thereafter, 400ul neurobasal A media supplemented with 2% B27, 0.5%
penicillin/streptomycin, and 0.75% L-glutamine was added to each well and incubated at 37°C,
5% COo for 7 days. Every 72 hours, 200ul of the media was replaced from each well with freshly
made media. After 7 days, the DRG explants were fixed using 400ul of 4% paraformaldehyde for
15 minutes on a shaker and rinsed with PBS. After rinsing, the explants were permeabilized using
0.5% Triton X100 in PBS and blocked with normal goat serum for one hour. The DRGs were then
incubated with mouse anti-p-111 (Abcam #78078) tubulin overnight on a shaker at 4°C. The next
day, the explants were rinsed three times in PBS and then labelled with goat anti mouse 594 for
one hour and counterstained with DAPI to visualize cell nuclei. As seen in Figure 3.2, neurite

growth was observed in all groups supplemented with growth factor encapsulated microspheres.
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While NRG1 Type-lll alone stimulated the growth on longer neurites, the combination of
pleiotrophin and NRG1 Type-1l1 had the highest density of neurite outgrowth (Figure 3.2 C-E).
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Figure 3.2. A) Release profile of the NRG1 Type-I1I microparticles, taken over 28 days showing
the cumulative release of the growth factors over time. B) Characterization of the PLGA
microsphere size and stability in terms of polydispersity index. C-F) Images of dorsal root
ganglia explants at 10-days in vitro after treatment with either control, PTN, NRG1 type-I1I or
combination of PTN-NRGL1 type 11l microspheres. They are labeled for neurites (B-tubulin,
green) or cell nuclei (DAPI, blue). Scale bar: All images; 100um.

3.2.3 Surgical Procedures

After confirming the sustained delivery and biological activity of the microspheres, a cohort of
twenty-four adult female New Zealand white rabbits were implanted with biosynthetic nerve
implants (BNI) as described previously. Briefly, the peroneal nerve of the rabbit was exposed
through a 6cm muscle-sparing incision in the biceps femoris muscle. The nerve was isolated from
underlying connective tissue and a 30mm length was transected and replaced by the BNI conduit

filled with either Control (n=6), NRG1 (n=6) or PTN-NRG1 (n=6) microspheres (Figure 3.3A).
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As a positive control (n=5), the resected nerve section was reversed and sutured to the nerve stumps
by adding a 10mm empty tube to compensate for nerve retraction, at the distal end (Figure 3.3A).
Intramuscular application of 2 ul of NRG B1 has been shown to improve Schwann cell proliferation
and differentiation, and to promote regeneration in an end-to-side neurorrhaphy model[156]. Since
NRG1 Type-11l has not been previously applied in vivo, we used the NRG 1 concentration as
reference for loading the microspheres in the BNI conduits. The biosynthetic nerve implant (BNI)
conduits consists of a transparent polyurethane conduit (3 mm OD, 1.7 mm ID; Micro-
RenathaneO; Braintree Scientific Inc.) 3 or 4 cm in length, with 8 microchannels casted in 1.5%
agarose in the lumen of the conduit (7 of 0.4 mm and 1 in the center of 0.5 mm in diameter)
providing a total of 0.9 mm2 or 36.2% of the nerve conduit lumen available for nerve regeneration.
volume Sterilized polyurethane tubes were first filled with 1.6% agarose and metal mandrels were
then drawn out to create micro-channels filled with a collagen-microsphere mixture, as described
previously[134]. In this study, the 4cm BNI conduits were loaded with a total volume of 3.6pl of
the NRG-MP suspension, estimated by ELISA to release 2.16 ng/ul/day for a total of 52 days. This
concentration is comparable to that used for Schwann cell stimulation at the neuromuscular
junction, and thus considered adequate for stimulating axon remyelination. The 52 days of NRG
release in the microchannels was estimated to provide sustained remyelination support for the
critical gap, since regenerating axons are known to growing at a rate of 1.5mm/day and will take
60 days to cross the 4cm gap. The BNIs were then incubated at 37°C for 15 minutes to allow
gelation of the collagen, before implanting in the animals. The study was double blinded and

randomized, and all animal experiments were performed in accordance with the guidelines of the
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Institutional Animal Care and Use Committee of the University of Texas at Dallas, according to

the NIH guide for the care and use of laboratory animals.
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Figure 3.3. Experimental design and timeline. Schematic of transection injury, indicating the two
repair techniques, autograft and BNI conduit. Experimental timeline, indicating times of injury,
behavioral assessment and terminal experiments, that included electrophysiological recordings

and collection of tissue for histology.

3.2.4 Toe-Spread Index (TSI) Assessment

The toe-spread index is the standard behavioral assessment used to evaluate the re-innervation of
the peroneal nerve muscle group and is an indicator of functional recovery. When the animals are
held loosely at the scruff of the neck and lowered suddenly, they extend their toes as a reflex to
land (Figure 3.10). Videos for each animal were once taken before surgery and weekly starting 5
weeks post-surgery. For each time point, one frames (from three different trials) were selected to

compare the toe-spread between the injured and the un-injured foot. The ImageJ software was
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used measure the distance between the first and the last toe. The TSI is the ratio of the of the

injured over the uninjured toe-spread.

3.2.5 Electrophysiological and Muscle Force Measurements

In addition to recording compound motor action potentials (CMAPS) and compound nerve action
potentials (CNAPs), measurement of muscle force is known to be a good indicator of functional
motor recovery and successful re-innervation. Animals were sedated with ketamine (35mg/kg) and
Xylazine (5mg/kg) combined in a single syringe and administered intraperitoneally. After that, the
surgical plane of anesthesia was maintained using 2% isoflurane in oxygen. In a sterile field, the
muscle was re-opened using a scalpel and the repaired nerve was re-exposed. After carefully
isolating from surrounding tissue, two pairs of hook electrodes (FHC) were placed proximal and
distal (at 6cm between them) to the repair site for stimulation and recording respectively. Using a
sterile scalpel, the group of muscles innervated by the peroneal nerve was exposed and a pair of
needle electrodes was placed for recording CMAPs. A nylon suture was connected to the tendon
protruding at the ankle for attachment to a force transducer (RB-Phi-117, RobotShop, Mirabel,
QC) to record isometric force from the muscles[170].The proximal end of the repaired peroneal
nerve was stimulated to obtain CNAPs and CMAPs using the OmniPlex Neural Data acquisition
system whereas the corresponding force exerted by the muscle was recorded using a custom
interface programmed in MATLAB.

3.2.6 Animal Perfusion and Tissue Preparation

At the end of twenty- eight weeks, anesthetized animals were perfused with 4% paraformaldehyde.
A 6¢m length of the regenerated nerve, with the implant tube intact, was harvested along with the

respective tibialis anterior muscle. The tissue was then post-fixed in 4% PFA for 24-48 hours and
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then transferred to PBS solution. The regenerated nerve tissue was dissected, and the tube was
separated carefully. Gross tissue analysis was performed to determine the extent of regeneration
across the injury gap. The tissue was divided into six sections, proximal (P), middle (M1& M2)

and distal (D1, D2 & D3), and processed for histological analysis.

3.2.7 Immunohistochemistry

The harvested nerve tissue sections labelled P, M1, D1 and D3 were embedded in paraffin and
10um thin transverse sections were obtained using a microtome (Leica RM 2235). The muscle
tissue was cryopreserved in 30% sucrose overnight and then embedded in OCT solution. The
frozen tissue was then cut into 40pum thick sections. A heat induced antigen retrieval method was
used to recover the epitopes and the tissue sections were deparaffinized. The tissue sections were
then labelled with primary antibodies for axons (B tubulin I1I; 1:400; Abcam #78078) and
myelination (PO; 1:200; EMD Millipore #AB9352). After overnight incubation at 4°C, the sections
were rinsed and then labelled with Cy2-and Cy3 conjugated secondary antibodies for one hour
(1:400; Sigma Aldrich). After rinsing, mounting media (Shandon™ Immu-Mount) was used to
cover-slip the slides. Images were taken using a Nikon A1R confocal microscope and number of
axons and myelination was quantified using an automated image analysis software, CellC version
2.5 (http://en.bio-soft.net/draw/CellC.html). For neuromuscular junction (NMJ) staining, the
tibialis anterior muscle was harvested, wet weight recorded, fixed, and cryoprotected in 30%
sucrose for 24-48 hours before embedding it in Tek OCT. Thin slices (40pum) were sectioned in
the cryostat and co-labeled with the NF-200 antibody (1:200; Sigma Aldrich#N4142) to visualize
the heavy microfilament subunit in axons, and Cy3-labeled a-bungarotoxin (1: 1000, Invitrogen)

to visualize the nicotinic acetylcholine receptor (AChR). Images were taken with a 40X oil
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immersion objective in the confocal microscope (Nikon A1R). Co-labelling of NF-200 and a-
bungarotoxin were identified as active, re-innervated neuromuscular junctions. Three regions of
interest per sample were used to trace individual muscle fibers using ImageJ and area

measurements were obtained. The data are presented as mean plus standard deviation.

3.2.8 Transmission Electron Microscopy

Tissue sections M2 and D3 were post-fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer
and embedded in epoxy resin. Thin, 1um sections were obtained and imaged using a JEOL
1400X transmission electron microscope. Six regions per animal were selected for quantification
of axon number, axon diameter and g-ratio, using the ImageJ software. Axon diameter was
calculated as an average of two diameter measurements at 90°from each other.

3.2.9 Statistical Analysis

GraphPad Prism statistical analysis software was used to perform two way analysis of variance
(ANOVA) with repeated measures to compare the different groups for the toe-spread index (TSI).
One way ANOVA was used to compare axon and muscle quantification. Post-hoc Tukeys tests

were used for multiple comparisons. A value of p<0.05 was considered as statistically significant.
3.3 Results

3.3.1 Gross Anatomical Analysis

The explanted nerves were inspected for tissue growth and bridging of the nerve stumps, to confirm
regeneration. There was observable tissue growth in all the BNI tubes, with apparent regeneration
in most of them. However, after removing the polyurethane tubes, only some of the nerves were
confirmed to have fully regenerated with robust tissue growth and vascularization as seen in Figure

3.4. In some tubes, the agarose was intact with little to no tissue present in the regenerative bridge,
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suggesting either collapsing of microchannels during implantation, or presence of air bubbles
produced during the fabrication of the BNIs. Although inspected before implantations, given the
manual fabrication of these conduits, micro-defects persist, which is one of the limitations of this
conduit. For each group, samples were classified as success or failure based on gross regeneration
observed across the injury gap. Based on these results tabulated in Figure 3.4 C, only those animals

showing robust regeneration were considered for further data analysis.
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Figure 3.4. Gross Anatomical pictures of the regenerated nerves. A) Tissue obtained from i)
autograft group, and after removing the polyurethane tubes in the ii) Control, iii) NRG1 Type-III
and the iv) PTN-NRG1 microsphere groups, showed robust growth and good vascularization
(inset for each), for some tubes. v)Failed regeneration was observed in some tissue samples, as
indicated by the intact agarose scaffold and no tissue presence in the middle segment of the
regenerative bridge (inset). C) The success rate of each group, after excluding the tubes that
showed no tissue growth. Scale Bar: 10mm.

3.3.2 Nrgl Type-l11 promotes axonal sorting of large caliber axons
Toluidine blue labelled sections were used to evaluate the overall tissue growth at the distal end of

the regenerated nerves, which showed a robust growth in the autograft group, while those in the
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BNI groups showed more of a fascicular structure, with epineural tissue around these fascicles
(Figure 3.5 A). Higher magnification EM images were obtained to quantify the number diameter
and g-ratios of axons. As seen in Figure 3.5A, the autograft group had a wide distribution of large
and small axons with different degrees of myelination, with an average diameter of 5.8 um. In the
BNI groups, the myelinated axons were of similar diameter; control (2.3 um), NRG1 Type-I11(2.3
pm) and PTN-NRG1 (2.1 um). Myelination analysis revealed that the NRG1 Type-Ill and PTN-
NRG1 Type-lll groups with better myelination (average g-ratio 0.69+ 0.1 and 0.66x+ 0.1
respectively), as compared to those of the Control group (average g-ratio 0.74+ 0.10, Figure 3.5
B&C). While the autograft had well distributed large and small myelinated axons, the g-ratios were
significantly different as compared to the Control group (p<0.001), suggesting that the absence of
neurotrophic factors, specifically neuregulin, impacts the myelination thickness of small axons.
Furthermore, as expected, the autograft group had a significantly greater number of myelinated

axons as compared to the BNI groups, with no differences within the BNI groups.
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Figure 3.5. Ultrastructural analysis of the distal end of the regenerated tissue. A) Electron
micrographs of areas of myelination seen in the different treatment groups. B) Diameter of
myelinated axons C) Analysis of g-ratios for myelinated axons observed in the different groups.
Scale bar: A) All images;5um. *=p<0.05
We then evaluated the unmyelinated axons to determine the diameter and stage of sorting that
these axons were in. Diameter quantification indicated that the control group the NRG1 only and
PTN-NRGL1 group had similar number of axons larger than 1 um, with the autograft group with
the lowest number (Figure 3.6 B). We then quantified how many of these axons were within
bundles, and compared only those bundles that consisted of more than 14 axons, indicating an
abnormal state[171] The control group consisted of large number of abnormal bundles with an

average of 21 axons/bundle (Figure 3.6 C). The NRG1 type-IlI group and autograft group had an

average of 15 axons/bundle with the lowest in the PTN-NRG1 Type Il group (12 axons/bundle).
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This suggested that while most of the large unmyelinated axons in the control group were arrested
within bundles, those in the growth factor and autograft groups were sorted out of the bundles.
Since all these axons were still unmyelinated, it is possible they are further along in the radial
sorting phase as compared to the control group. This is analogous with developmental radial
sorting where axons crossing the 1um threshold get sorted out by individual, pro-myelinating
Schwann cells, and then myelinated[127]. These results indicate that addition of neuregulin may
be contributing to axonal sorting, further advancing separation of large axons, and subsequent

target pathfinding[172].
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Figure 3.6. Analysis of Unmyelinated axons. A) Electron micrographs showing the axon
distribution within bundles across the groups. B) Quantification of the number of unmyelinated
axons present in the distal end of the regenerated nerves. C) Axon bundles consisting of more
than 14 axons were compared between the groups. Scale Bar: A) All images; 5um.
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3.3.3 NRGL1 Type-11l induces evoked muscle response at low thresholds, and higher force
recruitment

To evaluate conduction properties of the regenerated nerves, the proximal side of the injured
nerve was stimulated using hook electrodes, while recording action potentials from the distal
stump and the tibialis anterior muscle, and force recruited by the muscle using a force transducer.
We observed that while the autograft repaired nerves had higher evoked responses, the NRG1
Type-I11 group had the lowest thresholds of activation close to that of the autografts (between
800uV-1200uV, Figure 3.7 A). At threshold of activation, the NRG1 Type-Il1 group had greater
average amplitude of 140.3+89.5 uV, as compared to that of the control group (84.7 pV), and the
PTN-NRG1 group (134.2+84.9uV, Figure 3.7 B-D). Although these values were lower than
those of the autograft (501+ 433.9 uV), it suggests that the axons were correctly guided to the

target muscle, re-innervating it.
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Figure 3.7. Compound nerve action potentials. Representative waveforms and respective group
data for compound nerve action potential amplitudes at different stimulation intensities. A)
Autografts ,B) Control C) NRG1 Type-1ll and D) PTN-NRG1 Type Il
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For compound muscle activation, similar trend was observed with greater force recruited at lower
thresholds for the growth factor treated groups (Figure 3.8). The autograft group had the highest
maximum amplitude (962 pV), followed by the PTN-NRG1 group (353 puV) and NRG1 group
(108.72 pV), and was lowest in the control group (37 pV, Figure 3.8). Similarly, the maximum
muscle force recruited was highest in the autograft (0.5V) followed by the NRG1(0.13V) PTN-
NRG1(0.1V) and the lowest in the control group (0.04V, Figure 3.8).
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Figure 3.8. Compound muscle action potentials. Respective group data for compound muscle
action potential amplitudes at different stimulation intensities and the corresponding motor force
recruited for A) Autografts ,B) Control C) NRG1 Type-lll and D) PTN-NRGL1 Type III.

3.3.4 Neuregulinl Type-111 provides axon regeneration across 4cm nerve gap

In addition to EM analysis, the proximal and distal sections of the nerves were labelled with B-111
tubulin, to quantify the number of axons regenerated across the 4cm bridge. In the proximal
segment, sections were taken from the first 2cm length of nerve tissue that had grown into the BNI
conduit. As expected, the autograft sections consisted of the maximum number of axons

(2907+1057, Figure 3.9 A, B). The BNI group with NRG1 Type-Ill consisted of more axons
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(1701+£1182) as compared to those in the control (670 +78) or PTN-NRG1 group
(1120.600+1964.827), however, due to internal variability, there was no significant difference
within these groups. These results indicate that whether growing across an autograft or a multi-
luminal nerve conduit, axons can grow to distances up to 2cm, regardless of the treatment type. As
these axons progress towards the distal end, this number reduces, based on the treatment type.
While the autograft has significantly greater number of axons(p<0.0001), the NRG1Type-II1 group
had slightly more axons (1395.250+1077.187), as compared to the control (656.800+689.360) or
the PTN-NRG1 Type-Ill (744.3333+908.7784, Figure 3.9 A, C). The loss in number of axons
between the proximal and distal end can be attributed to reduced regenerative potential as
compared to autografts, possibly due to a smaller number of Schwann cells or neurotrophic
support. However, greater number in the NRG1 Type-Ill group may indicate added neurotrophic
support for axons to grow across critical gaps, correctly guiding them to the distal end. It would
be interesting to investigate whether providing higher concentrations of NRG1 Type-IlI, will

further enhance this effect.
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Figure 3.9. Immuno-histological labelling for axons. Images labelled for B-111 tubulin showing
axons in the proximal(A) and distal segments (C) of the regenerated nerve. Quantification of the
number of axons in the B) Proximal and D) Distal segments using an automated software.
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3.3.5 NRGL1 Type-l111 moderately rescues muscle atrophy

To evaluate the degree of re-innervation gained through regeneration, we measured the wet muscle
mass of the tibialis anterior muscle explanted after perfusion. As compared to healthy
muscles(10588.890+974.6386mg), all groups had a significant loss of muscle mass (p<0.0001),
indicating atrophy due to long term denervation (Figure 3.7 A). Although the autograft group
(6537.606+1479.026mg) was higher than the other BNI conduit groups, there was no statistical
significance due to variability within that subset (Figure 3.7 B). Within the BNI groups, muscle
mass was similar, with control (5458.808+525.6611mg), PTN-NRG (5194.474+735.6979mg) and
NRG1 Type-111 (5536.232+893.4038mg). We further quantified the area of the muscle fibers from
images taken for the neuromuscular junctions (Figure 3.7 C). The autograft groups had the largest
area of muscle fibers (1364+796.0um?), indicating robust re-innervation, as compared to the

conduit groups (Figure 3.7 D). While similar in number, the NRG1 Type-IIl (465.2+183.2 pm?),
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and the Control (461.4+166.5um?) groups had slightly higher fiber areas as compared to the PTN-
NRG1 group (399.2+121.8 um?). This indicates that despite the presence of large number of
myelinated axons, and conduction of motor action potentials, muscle atrophy substantially affects
reinnervation. Although not statistically significant, NRG1 Type-Ill does increase muscle mass
and muscle fiber area to some extent, suggesting that it might be accelerating re-innervation. This
agrees with the lower activation thresholds and higher muscle force recruited, as well as faster
conduction, demonstrating a modest neurotrophic effect of NRG1 Type-IIl. This indicates that
although the control group had detectable number of myelinated and unmyelinated axons, there

wasn’t enough reinnervation to improve function.
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Figure 3.10. Muscle Tissue analysis. A) Gross tissue images of the Tibialis Anterior muscles
obtained after perfusion, and B) wet weight of these muscles in milligrams. C) Representative
images of cross sections of muscle tissue, demonstrating the striking difference between the
muscle fibers that is quantified in D. ****p<0.0001

3.3.6 NRG1 Type-11l promotes early, sustained functional recovery
Over the 28 weeks, toe-spread index was obtained by measuring the distance between the first and
the last toe, as seen by the startle response in the rabbits. At five weeks post-injury, all animals had

functional deficits as compared to baseline, although some animals in the autograft exhibited signs
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of recovery. At the end of 28 weeks, the autograft group had an average TSI of 0.8066+0.06,
significantly higher that of the control and PTN-NRG1 group (p<0.001). Interestingly, the NRG1
Type-I11 only group had more animals showing functional recovery with an average TSI of 0.75+
0.05 as compared to only two from the PTN-NRG1 group (0.642+0.04). Surprisingly, despite the
presence of myelinated axons seen in this group, none of the animals with the control group
showed substantial recovery, with a mean TSI of 0.4936+0.05, lower than the NRG1 Type-Il1I
group. However, muscle fiber area of this group was close to that of the NRG1 Type-IlI group,
and higher than that of the combination. It is possible that due to abnormal pathfinding, these axons
may have a delayed growth and re-innervation, and would restore function at later stages. There
were no significant differences between the autograft and NRG1 Type-IlI group. These results
highlight the significance of targeted reinnervation in addition to axonal regeneration at the injury
site, indicating that albeit moderate, effect of NRG1 Type-Ill in proliferation and migration of
Schwann cells may have contributed to the superior functional recovery. Additional sensory
assessment techniques and neuro-muscular markers may provide insight into the mechanisms of

this effect.
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Figure 3.11. NRG1 Type-I1I provides moderate functional recovery. A) Toe-Spread Index (TSI)
for the different groups over the period of twenty eight weeks, demonstrating animals that
crossed the recovery threshold of 0.6 TSI, indicated by dotted red line. B) Representative images
of the method of measuring TSI, and examples of baseline, injury, recovery and no recovery toe-
spread. C) Comparison of all groups throughout the study using 2 way ANOVA with Tukeys
multiple comparison test, ***p<0.001, *p<0.05.

3.4 Discussion
Evidence of neurotrophic factors like BDNF, GDNF, NGF, expressed during development and
after injury makes them ideal candidates for use in nerve conduits to facilitate regeneration[107],

[109], [173], [174]. We and others have shown the efficacy of growth factor loaded multi-luminal
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nerve guide conduits in repairing short transection injuries[122], [134], [175]. However, in our
previous work we observed that while growth factor does entice growth of axons across critical
gaps, lack of myelination severely affects motor conduction and functional recovery. Neuregulin
1 Type-I111, an axonal derived neuregulin, has been implicated in myelination via proliferation and
differentiation of Schwann cells[176], [177]. Levels of NRG1 Type-Ill, secreted as a function of
axon diameter, directs Schwann cells to ensheath the axon, determining its fate as unmyelinated
or myelinated[127], [178], [179]. We hypothesized that NRG1 Type-IlI enriched BNI conduits
will direct radial sorting of axons, furthering re-myelination and providing functional recovery
comparable to that by the autologous nerve graft, across a 4cm peroneal gap. We also combined
NRG1 Type-Ill with PTN to investigate whether addition of PTN provided an additional
neurotrophic effect, augmenting function. Induced Neurite outgrowth from dorsal root ganglia
explants was enhanced by the presence of NRG1 Type-11l and markedly increased by addition of
PTN. Our results suggested that while NRG1 Type-11I enticed longer axons, addition of trophic
factors like PTN induces further growth, in a possible combinatorial effect. However, despite being
implicated in axon regeneration, PTN did not provide an additional effect in vivo. Gross anatomical
analysis suggested that the Biosynthetic Nerve Implant may be supporting nerve growth by itself,
as seen from the robust tissue growing in the no growth factor group. However, all BNI groups
had some subjects that failed to show any regeneration at all, which can be a consequence of the
manual fabrication of these conduits. In the future, this can be circumvented by automated 3-D
fabrication techniques like printing or molding, that provide precise control over geometry as well
as loading of biological components like cells and growth factors[180], [181]. To examine

whether NRG1 Type Ill promotes radial sorting and subsequent myelination, we performed TEM
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analysis. Surprisingly, NRG1 Type-lll alone enticed comparably greater number of large
unmyelinated axons, which appeared to be sorted out from axon bundles and associated with
individual Schwann cells.

Electrophysiological analysis revealed that conduction strength along the axons in the
NRG1 Type-IlI group was faster and greater in amplitude, with greater muscle recruitment as
compared to the NRG1-PTN combination as well as the non-growth factor group. At threshold of
activation, the NRG1 Type-lll group had greater average amplitude of 140.3+89.5 uV, as
compared to that of the control microsphere group (84.680 uV), and the PTN-NRG1 group
(134.155+84.84573 pV).A similar effect was observed after a transection injury in rats, where
NRG1 accelerated Schwann cell proliferation and migration to the distal stump of the nerve, via
the ErbB2/3- FAK pathway, guiding axons to the appropriate target muscle, improving
conduction[156].

On the contrary, muscle mass and fiber area for the growth factor groups were significantly
lower than that of the autografts, with weaker neuromuscular junction formation (Figure 3.9). Due
to long term denervation resulting in significant atrophy, it is possible that despite the axons
reaching the right target muscle, the muscle fibers were too weak to restore neuromuscular
connections. However, this did not affect the significant functional recovery observed in NRG1
Type-I11, suggesting that more experiments may be needed to investigate its function in muscle re-
innervation. A recent study demonstrated that treatment with NRGI1 isoforms o and
downregulate atrophy proteins atrogin and FoxO3, rescuing atrophic conditions in vitro[182]. It

will be interesting to investigate whether the exogenous application of NRG1 Type-Ill to injured
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nerves affects expression of other NRG1 isoforms in the muscle, as a mechanism to rescue atrophy
in long term denervated muscles.

Despite these mixed results, the functional recovery in the NRG1 Type-1ll group was the
most significant, almost comparable to the autograft. It can be observed from Figure 3.9, that while
the autograft group begins to recover at the earliest time point, the NRG1 Type-I11l soon follows,
with comparable recovery by week 28. Conversely, most of the animals in the control group
remained at an average low throughout the recovery period, while only one animal in the PTN-
NRG1 Type-111 shows recovery by the last week. Although similar effects in the myelination and
electrophysiology, it is possible that axons enticed by NRG1 Type-I11 alone were directed to the
target muscle, and innervated the dorsal dermatome of the rabbit foot, resulting in the improved
toe-spread. In future experiments, histological labelling of this tissue will provide additional
insight into how re-innervation is modulated at the neuro-muscular junction, and whether there are
differential effects on sensory versus motor recovery.

Here we propose a pathway by which exogenously applied NRG1 Type-Ill binds to
Schwann cells, triggering a release of neurotrophic factors from the cells (Figure 3.11). The
traditional mechanism of axo-glial signaling between the axons and Schwann cells, first
demonstrated by Esper and Loeb in 2004 (Figure 3.11 A), where neurotrophic factors secreted by
SC binds to respective receptors on the developing axons, which further phosphorylates and
cleaves the membrane bound NRG1 Type-III via the activation of protein kinase C5[183][184].
Here we propose the opposite (Figure 3.11 B), wherein exogenously applied NRG1 Type-I1II acts
in two ways; 1) It binds to the ErbB2/3 receptors, and via activation of Akt, FAK and Erk, promotes

survival, migration, proliferation and differentiation of SC. 2) This also activates secretion of
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neurotrophic factors from the SC which then bind to the nearest axon, further activating growth
and survival of those axons and via PKC9 , increases expression of membrane bound NRG1 Type-
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Figure 3.12. Proposed pathway of neurotrophic effect of NRG1 Type-IlI

Western blot analysis of injured nerves repaired using NRG1 enriched BNI conduits, at
different time points will provide quantitative confirmation of this proposed pathway. Overall,
these results suggest a neurotrophic role for NRG1 Type-IIl, and possibly other isoforms of

neuregulin that may play interchanging roles in long gap regeneration.
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CHAPTER 4

EXTENDING THE MAXIMUM CRITICAL NERVE GAP IN THE RAT SCIATIC
NERVE MODEL USING CURVED CONDUITS

4.1 Introduction

Although the peripheral nervous system has a robust regenerative capacity, injuries that result in
extensive tissue loss (=3 cm), require surgical repair to bridge the long gap defect. Autografts
remain the clinical “gold standard” for surgical repair of long gap nerve injuries, albeit, with
limited success, as sensory and motor deficits persist in 17% of patients [185], and the co-morbid
formation of painful neuromas at the donor site [1], [186]. The Food and Drug Administration
(FDA) has approved biosynthetic conduits to repair nerve gap defects, which are hollow tubes and
only used to repair short (<2 cm) nerve defects. However, the regenerative capacity of the hollow
conduits is limited and likely due to the lack of luminal structural and biological support, [187].
These limitations continue to motivate further research on alternative repair methods including
allografts and nerve guides[187]. Yet, despite the availability of polymer nerve guides and
allografts, about 78.9% of critical nerve injuries are repaired using autografts [188].

Nerve repair involves complex multicellular and molecular mechanisms which if delayed
or altered, also contribute to poor functional recovery [170], [189]. After axonal injury, the cell
bodies in the dorsal root ganglia (DRG) and the ventral spinal cord up-regulate the expression of
regeneration associated genes (RAGSs) such as cJUN, GAP-43 and Cap-23 [190]. These genes, in
turn, upregulate proteins that mediate axon cone growth. The direction of axon extension is guided
by topographical cues and growth factors secreted by Schwann cells. Many groups have

investigated the effects of exogenous as well as genetically expressed growth factors on long gap
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regeneration. Our group recently tested the synergistic effect of GDNF and pleiotrophin in
repairing a 4cm peroneal nerve gap in a rabbit model[134]. Although our results showed successful
regeneration across the bridge, it was insufficient to translate into complete functional recovery
due to lack of re-myelination. It has also been shown that long gap regeneration across acellular
nerve allografts fails because Schwann cells present in the regenerating microenvironment become
senescent before axonal contact, resulting in failed re-myelination. Furthermore, these regenerated
axons need to reach their target muscles and reinnervate the end plates, which often fails due to
muscle atrophy and insufficient acetylcholine receptors[157].

Although the mechanisms of development and regeneration of peripheral axons are well
characterized, the events of repair and recovery after severe long gap injuries are still poorly

understood, making it difficult to translate into successful therapeutic strategies.

4.1.1 The rat as a model in peripheral nerve regeneration

The laboratory rat model has been well established and is typically the first model for in vivo
testing. It is well characterized for nerve transection injury and assessment[191]. A PubMed search
for “peripheral nerve repair”, as of March 5, 2019 indicates a total of 8385 articles that have been
published on peripheral nerve regeneration in the last three decades, of which 5603 were listed as
rat models. A detailed literature review in 2012 noted that of the total long gap nerve repair studies,
74% were published for the rat model, all of them investigating gaps <2cm (Figure 4.1A)[191].
This also highlights the emphasis on using the rat as a model for understanding the regenerative
profile of peripheral nerves, primarily due to standardized techniques available for rat, and lacking

in most other pre-clinical models (Figure 4.1B).
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Figure 4.1. Emphasis on the use of the rat as a model for nerve regeneration. A) Number of
published experiments utilizing different animal models B) Molecular and physiological
techniques available to examine nerve regeneration in different animal models. Data obtained
from PubMed search and [191].

The following table provides a list of the assessment tools most commonly used in rat
models, and are well standardized, that inform about important aspects of motor and sensory axon
regeneration, providing critical clues to intrinsic mechanisms of injury and repair.

Table 4.1. Assessment tests established in the Rat model that provide thorough understanding of
the regenerative profile of nerves. Table adapted from [15]

Assessment Type of Modality Regenerative Outcome

Pinch Test Sensory Distance and Rate of
Regeneration

Retrograde Tracing Sensory, Motor, Autonomic | Number of Neurons, Specific
Distance

Pin-prick test, foot flick test | Sensory Skin re-innervation

Toe-Spread Index Motor Muscle re-innervation
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Nerve Conduction Sensory, Motor Re-innervation

Motor Unit Number, Muscle | Motor Muscle  force  recovery,

tension, Muscle weight muscle reinnervation

Algesimetry Sensory Mechanical, Thermal
Nociception

Silicone mould test Sympathetic Re-innervation  of  sweat
glands

Grasp/Pull Force test Motor Grasp strength

Gait and Kinematic analysis, | Motor, Sensory Foot placing, pattern during

Sciatic Index locomotion

EMG Motor Muscle activation

Staircase test Sensory-motor Forelimb dexterity

Evoked potentials Sensory-motor Central pathway changes

4.1.2 Topographical cues promote nerve regeneration

Topographical cues like micropatterns, filaments and microgrooves alter cell shape by providing
a physical substrate for cellular filaments to progress. It has been shown that when neurites of
growing axons extend forward, topographical cues promote this progression of cells via transient
activation of the mTORC2 pathway, and have the ability to override inhibitory stimuli in
vitro[192]. It has also been shown that aligned poly-caprolactone fibers guide Schwann cell to
elongate and migrate as well as upregulate myelin associated proteins[193]. Three dimensional

polycaprolactone fibers produced by electrospinning have shown excellent neurite outgrowth by
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changing cell morphology and extending longer processes and inducing migration of Schwann
cells[80].

Here, we designed 3-D printed S-shaped conduits, to provide topological support to
growing axons as well as provides a longer regeneration length within a smaller linear space. We
show that this model allows successful regeneration of the sciatic nerve, comparable to that of a

conventional straight hollow conduit, while providing a clinically relevant injury model.
4.2 Materials And Methods

4.2.1 Design and Manufacturing of 3D Printed S-Shaped Conduits

The digital models for linear and S-shaped nerve guidance conduits were designed using a
computer-aided design software Onshape (Figure 4.2). The models were then sliced along the
diameter of the NGC to generate a toolpath based with conduit radius which incorporated
microgrooves along the S-shaped conduits and the straight conduits [181]. The conduits were
fabricated using a custom micro extrusion 3D printing system as previously reported [194], [195].
Briefly, the system uses a three-axis robot (MPS75SL; Aerotech), a digital pressure regulator
(Ultimus V; Nordson), a motion controller (A3200; Aerotech), and a microscope with a camera
for imaging (OM99-V7; Omano) [82], [196]-[200]. The silicone (SI 595 CL, Loctite) was printed
using a 10 cc syringe barrel and 27 gauge tapered tip (Nordson) using the extrusion pressure at 43
psi and printing at 1. 2 mm/s. The total build time of S-shaped and linear conduits were 5 min and
3.5 min, respectively. Following printing, the conduits were subsequently cured at room
temperature and manually released from the glass substrate using a sterile razor blade. Before
implantation, the NGCs were washed with ethanol and sterilized under UV light for 45 minutes.

The printed conduits were manually sectioned along the axial direction using a razor blade to
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generate 500 um thick slices, and brightfield micrographs were obtained (Axiozoom.V16, Zeiss),

for visual confirmation of the microgrooves in the lumen of the conduits.

Linear Conduit

Figure 4.2. A) An S-shaped conduit provides longer regeneration length within the same linear
space available in a rat model. B) Digital model of the NGC designed using Onshape software.

4.2.2 Surgical Procedures

In a pilot study, we first tested the ability of nerves to regrow along a curved path. To this end, we
implanted three female Lewis rats with a 5mm curved PDMS conduit (Fig. 4.3 A). Regeneration
was observed across conduits at 4 weeks, showing complete crossing of the nerve from the
proximal to the distal end (Fig.4.3 B). After confirming that axons can re-grow along curved paths,
ten female Lewis rats(n=5 per group) were implanted with either 1)straight 10mm tube or 2) S-
shaped 10mm tubes, both filled with collagen solution (85 % type I, 15% type II; Millipore;
Temecula, CA).The animals were anaesthetized using isoflurane (2% induction with 2% oxygen)
and the surgical area was disinfected with povidone-iodine and sterilized with ethanol. An incision

was made in between the semitendinosus and biceps femoris muscle. The two muscles were
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retracted, and the sciatic nerve was exposed from the sciatic notch to the trifurcation point. With
careful dissection, the nerve was cleared from the surrounding tissue and transected at the midpoint
of the exposed length. The two ends of the nerve were each inserted in the conduits filled with
collagen and then sutured with a 9-0 silk suture. The muscles were then closed with 4-0 resorbable
sutures and the skin was stapled. For post- operative care, the animals received subcutaneous

sustained-release buprenorphine (0.1mg/kg) and cefazolin (5mg/kg) as an intramuscular antibiotic.
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5mm Curved PDMS conduit

Figure 4.3. Pilot Experiment Showing regeneration of the rat sciatic nerve across a 5mm curved
conduit. A) Schematic of conduit geometry and surgical images after the nerve regenerated across
the gap. Scale Bar: B) 2mm.

4.2.3 Walking Track Analysis
Starting at week 1 post-surgery, gait analysis was done to monitor functional recovery till the end

of the study. The CleverSys® gait scan system allows recording videos as the animal walks on an
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automated treadmill. Video recordings of at least one minute (or 10 steps where possible), were
obtained the software can then be used to post-process the videos to calculate various gait
parameters like swing time, stride length, stance time, etc. A baseline recording was done once

before surgery followed by recordings every week till the end of the study.

4.2.4 Terminal Electrophysiology and Tissue Harvest

At seven weeks post-surgery the implant site was re-exposed as described and the nerve was
isolated. Two pairs of hook electrodes, one each on the proximal and distal ends of the nerve was
inserted to record evoked compound nerve action potentials. The proximal electrode was
stimulated at 2Hz with an inter-pulse duration of 30us. Threshold was calculated based on an
observable motor twitch. Thresholds for the motor response observed were recorded. After
electrophysiological recordings, the animals were trans-cardially perfused using 4%

paraformaldehyde (PFA) and the nerve tissue obtained was post-fixed.

4.2.5 Immunohistochemistry

The harvested nerve samples were cryoprotected in 30% sucrose and then embedded in optimum
cutting temperature (OCT) compound (Tissue Tek.) using dry ice. The cryo-blocks were then cut
into 12um thin sections and co-labeled for axons and myelination using standard
immunohistochemistry techniques. Briefly, the tissue sections were washed in 1X phosphate
buffered saline (PBS) and permeabilized using normal goat serum. The slides were then incubated
with B-I11 tubulin; 1:400; Abcam #78078) and myelination (PO; 1:200; EMD Millipore #AB9352)
overnight at 4°C. Thereafter, the slides were incubated with goat anti-Mouse 488 (1:400) and goat
anti chicken 594 (1:400) at room temperature for one hour and then mounted using ImmuMount

media and glass coverslips. Images were taken in a Nikon A1R Confocal microscope using a 20X
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objective. The number of axons were measured using a cell counting software, CellC, version 2.5

(http://en.bio-soft.net/draw/CellC.html).

4.2.6 Statistical Analysis

GraphPad Prism statistical analysis software was used to perform analysis of variance (ANOVA)
with repeated measures to compare the different groups for the toe-spread index (TSI). Post-hoc
Tukeys tests were used for multiple comparisons. For histological analysis, unpaired Student t-test
was performed to compare the two groups. A value of p<0.05 was considered as statistically
significant.

4.3 Results

4.3.1 Characterization of 3D printed conduits

The axial tool path direction for 3D printing was selected based on previous work on 3D printed
nerve conduits that showed that the tool path direction achieves a resultant conduit tensile strength
that matches peripheral nerve and establishes an axial topographical cue (Fig. 4.4 A)[82]. The 3D
printed S-shaped conduits exhibit an internal non-linear microgroove topographical cue (Fig.
4.4B). Analysis of the microgroove depth and spacing using ImageJ software revealed the micro

grooves were separated by 156 + 27um, and had an average depth of 17 + 8um.
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Figure 4.4. Micro-extrusion printing of the nerve guide conduits. A) Fabrication of the NGCs using
a custom micro-extrusion 3-D printing system. B) Sample straight and S-shaped NGCs of varying
length. Microscopic images of straight (inset, top) and S-shaped (inset, bottom) conduits showing
the cross-sectional profile. The printing method results in a micro-groove profile along the conduit,
thus providing topological cues for growing axons. Scale Bar: A) 10mm B) 5mm, inset;500um.

4.3.2 Gross Evaluation of regenerated tissue

At 7 weeks post-surgery, gross evaluation showed successful regeneration across the 10mm gap
across all groups(Figure 4.5). The average regenerated length was quantified from gross tissue
images using the ImageJ software and was 11.8 + 0.24mm for the S-shaped conduits; greater in
length than the straight conduits (9.5 0.28mm Figure 4.5C). The average thickness of the
regenerated nerves was 1.1+0.2mm for the straight tube group while the S-shaped conduit group
had an average thickness of 0.92+0.12mm and a Students t-test showed no statistical difference

between the two groups (Figure 4.5 D).
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Figure 4.5. Surgical implantation and gross regenerated nerve tissue from the straight (A) and S-
shaped (B) NGCs. Quantification of the length (C) and thickness (D) of the regenerated nerve
tissue. Scale Bar: A) 2mm.

4.3.3 Straight and S-shaped conduits provide similar functional recovery

Gait cycle parameters and toe-spread index was calculated from video analysis using the
CleverSys® system. Although both groups showed a time-dependent increase in recovery, there
were no differences between the two groups. Toe-spread index (TSI) was significantly higher at
week 7 as compared to week 1 after injury, for both conduit groups (Fig.4.6 B). Although swing

time was different at weeks 1, 5 and 7 within each group, there was no significant differences
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between the two conduit groups (Fig. 4.6 C) . Furthermore, stance time (Fig. 4.6 D) and stride

length (Fig. 4.6 E) showed no differences across time points or between the two conduit groups.

B 1.5- .
. e Straight Tube
o e m S-Tube
T
= 1.0 I .
= =t
©
g .
[ ] [ ]
n 0.5 < —
® °® 1]
o
[t
0.0 T T
N A
e‘- ze’*
N N
D E
2000 500 n.s. 200 n.s.
hid * M 1 I 1
gwoo 11— 400 E
2 2 300 £
£ 1000 E 9 100
o g 200 3
S 500 g 2 s
(7] & 100 %—
0. 0
Vv s & ° A LN ‘v &) > A N Vv )

T L, s N A
$°¢ $$0 $®0 $00 $°® ée‘w 2 2 2

Figure 4.6. A) Toe-spread index (TSI) calculated from treadmill videos was significantly different
at week 7 as compared to week 1 after injury but showed now differences between the two conduit
groups. Gait analysis showed that though swing time (B) was different at weeks 1, 5 and 7 within
each group, there was no significant differences between the two conduit groups. Stance time (C)
and stride length (D) were not different across time of between groups.

4.3.4 Shape of conduit does not affect regenerative capacity of axons

Transverse sections of the regenerated nerves were labelled with for axons (B-I1l tubulin) and
myelin (P0). Axon count using an automated software showed similar number of axons in the
proximal segment of the regenerated nerves. The total number of axons in the straight tube (4977
+ 1260), were not significantly different from the S-shaped conduits (3299 + 1219, Fig. 4.7 A&C).
Consistently, at the distal segment, nerves regenerating through the S-shaped conduit (3779 £ 335)

compared to those in the straight tubes (2889 + 670, Fig. 4.7 B&E). Furthermore, similar number
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of myelinated axons were present in the proximal segment of the straight tube (5148 + 715), as

compared to the S-shaped conduit (4304 + 669, Figure 4.7 A&D). Interestingly, at the distal end,

both the straight tube (3063 + 571) and S-tube (3652 + 387) had very similar number of myelinated

axons (Fig.4.7 B&F). These findings suggest that axons can regenerate regardless of the geometric

shape of the regenerating paths.
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Figure 4.7. Immuno-histochemistry of the regenerated nerves. Transverse sections of the A)
proximal and B) distal segments of the tissue were labelled for axons (B-111 tubulin) and myelin
(PO). Quantification using a cell counting software of the C&E) total axons and D&F) myelinated
axons gave no significant differences between the straight vs the S-tube groups. Scale Bar: 100um.
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4.3.5 Electro-competency of nerve not affected by shape of conduit

In order to determine if the regenerated axons functionally reinnervated their muscle target in the
hindlimb, we electrically stimulated the proximal nerve segment and measured the threshold of
the evoked motor response. Stimulation of the proximal segment of the regenerated nerves elicited
a motor response in all animals, at a threshold of 1mV (Fig. 4.8) The amplitude of the response
peaks observed in nerve regenerated in the S-shaped conduits was 442.8 + 73.5uV, which was
similar to those measured in peripheral nerve regenerated through the straight conduits (554

+165UV).
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Figure 4.8. Threshold voltage values that evoked a motor response in the two groups, with an
average of 1mV, with no significant differences between the two conduit groups.

4.4 Discussion
The extensive use of the rat model in nerve repair experiments has been of importance in providing

basic mechanisms of nerve repair. One of the main limitations of using the rat model in critical
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nerve injuries has been the small size of the animal, making it difficult to model critical gap injuries
that truly translate to clinical scenarios. Here we proposed using 3D printed S-shaped conduits to
mimic such long gaps in the rat model, and uncover the mechanisms of delayed, long term
regeneration, Schwann cell fate and secretory profile of various neurotrophic factors.

Our results indicate that the geometric path of the conduit does not affect the regenerative capacity
of the axons. Interestingly, although the S-shaped conduits were longer in length than the straight
tubes, at 7 weeks, both groups showed equivalent axonal growth, with similar behavioral recovery.
This may indicate that the topography and shape of these conduits may be enhancing the
regeneration rate, but more thorough experiments are needed to determine this effect.

In these pilot experiments, we determined that axons can in fact grow over curved paths, at the
same regenerative rate. With these results, we can then extend the conduits to lengths >3cm to
mimic critical gaps, incorporate physical and chemical cues like growth factors and hydrogel
scaffolds that will provide strategies for regeneration. The 3D printing technology provides an
automated assembly of the conduits as well as internal scaffolds and growth factors [82]. One of
the main advantages of this technology is the imaging derived anatomical customization of the
nerve guide conduits, which has significance in clinical translation given the varying nature of
such injuries.

Despite much is known about the regenerative profile of peripheral axons after injury, most
of these mechanisms fail over severe, long gap nerve injuries. This can be attributed to the long
term denervation, lack of adequate neurotrophic factors, senescence of existing Schwann cells and
atrophy of the target muscle that profoundly affects functional recovery. Although autografts are

the clinical “gold standard” and most preferred surgical repair technique, it has been shown that a
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reasonable functional recovery is attainable in only about 50% of patients [185]. Decellularized
nerve allografts have been an effective alternative, but clinically fall short due to senescence of
Schwann cells that inhibits long distance axon growth[61]. As described in Chapter 2 and 3, we
have demonstrated exceptional regeneration of axons across critical gaps promoted by growth
factor enriched multi-luminal conduits [122], [134]. However, as seen from behavioral analysis,
presence of axons does not directly correlate with functional recovery. Also, due to lack of
standardized tests in the rabbit model, we were unable to determine the extent of sensory recovery.
The 3D printed S-shaped conduits offer a promising solution, by mimicking a long gap in the rat
model while exploiting the multitude of assessment techniques listed in Table 4.1[15]. Skilled
motor tasks like grasp test and staircase tests provide evidence of muscle strength and co-
ordination and forelimb dexterity. Furthermore, evoked somatosensory potentials in the rat model
are critical to map central pathways, to determine structure-function-behavioral associations
affected by injury that will have implications in developing new therapeutic treatments[15], [201].
Interestingly, although the axons had to grow 3mm longer in the S-shaped conduits as compared
to the 10mm straight conduits within the same period, there was no difference in the number of
axons or functional recovery. These findings can be attributed to the geometrical structural
advantage of the S-shaped conduits, perhaps providing a topographical substrate for the axons as
they grow, that is absent in the continuous straight conduits. However, this effect is yet to be tested
across longer gaps, and using different geometrical structures.

Overall, we can use the model developed here, to extend the nerve gap length, explore the
mechanisms of long term denervation and find key molecules that may provide potential

therapeutic solutions for this formidable clinical challenge.
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CHAPTER 5

DISSERTATION SUMMARY

5.1 Introduction

Despite the robust regenerative potential of the peripheral nervous system, repairing critical nerve
injuries resulting from large segment tissue loss is still challenging, and current repair techniques
fail to provide complete motor and sensory recovery. During development and after injury,
neurotrophic factors and pleiotropic factors dictate the fate of peripheral axons, cellular population
within the nerve, and function and re-innervation of the target muscle. However, these mechanisms
prove to be insufficient for critical injuries due to time required for regeneration. Nerve guide
conduits that mimic the native microenvironment of the nerve and provide structural support are
favorable biosynthetic alternatives.

In this dissertation, a multi-luminal Biosynthetic Nerve Implant (BNI), previously
developed in our lab, was loaded with neurotrophic factors and utilized to promote axon
regeneration across 4cm critical gaps. In a previous study, we had determined that the use of
pleiotrophin (PTN) and glial-derived neurotrophic factor (GDNF) promoted regeneration and
provided a significant improvement in functional recovery as seen from the toe-spread index,
although not comparable to the cut-resuture control. In Chapter 2, we further analyzed electron
micrographs and identified large diameter unmyelinated axons that were present in an arrested
state, within Schwann cell basement membranes. These results suggested that although PTN-
GDNF together enhance regeneration of axons across the 4cm bridge, abnormal sorting of large

caliber axons resulted in failed remyelination. In conclusion, we proposed that exogenous
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application of Neuregulin 1 may promote Schwann cell proliferation and differentiation, further
influencing radial sorting, and re-myelination.

In Chapter 3, we hypothesized that NRG1 Type-Ill enriched BNI conduits will direct
radial sorting of axons, furthering re-myelination and providing functional recovery comparable
to that by the autologous nerve graft, across a 4cm peroneal gap. We also combined NRG1 Type-
Il with PTN to investigate whether it provided an additional neurotrophic effect, augmenting
function. Neuregulin 1 Type-IlI alone provided regeneration of comparably greater number of
large unmyelinated axons, which appeared to be sorted out from axon bundles and associated with
individual Schwann cells. Electrophysiological analysis revealed that conduction strength along
these axons was faster and greater in amplitude in the NRG1 Type-1ll and PTN-NRGL1 group, with
greater muscle recruitment as compared to the non-growth factor group. However, the NRG1
Type-I11 group showed the most significant functional recovery as compared to the no growth
factor or the combination group. This suggests that the NRG1 Type-11l1 may be accelerating axon
pathfinding to the target muscle, improving the toe-spread index. However, the muscle fiber area
indicated that the muscles in all the BNI groups were significantly lower than that of the autograft
group, indicating atrophy and poor neuromuscular reconnection. It has been shown the
Neuregulinl modulates Muscle specific kinase activity (MuSK), clustering of acetylcholine
receptors at the end-plate and collateral sprouting of axon terminals enhancing re-innervation
[202], [203]. In future studies, treatment of denervated muscles with intramuscular NRG1
injections, in addition to nerve repair using conduits, could further improve functional outcomes.
In Chapter 2 & 3, we have demonstrated the growth promoting effect of neurotrophic factors on

nerve repair in a rabbit model. One of the limitations of this pre-clinical model is the lack of
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standardized sensori-motor assessment techniques to fully understand extent of functional
recovery, and to characterize it based on histological findings. The rat model has been
overwhelmingly used over the last few decades, leading to the development of well characterized
molecular and behavioral techniques. However, it has been a challenge to mimic critical injuries
in the rat model due to lack of surgical space and because of mixed consensus on the exact nerve
gap beyond which a rat nerve cannot regenerate, ranging between 13mm-15mm. In Chapter 4,
we designed a 3-D printable S-shaped conduit, that offers longer regeneration length within a
smaller linear space, providing a clinically translatable injury model for critical regeneration, while
using the well-established assessment tools in the rat model. In a rat sciatic nerve transection
model, we compared regeneration across a Straight 10mm conduit and an S-shaped 13mm conduit
to confirm whether axons can grow over curved paths. Gross anatomy revealed that axons do grow
over curved paths and the thickness of the tissue is comparable to that of the nerves growing in
straight conduits. Behavioral data showed that gait parameters remained similar in both groups,
with comparable toe-spread indices indicating shape of conduits does not attenuate functional
recovery. The number of axons in the proximal and distal segments of the regenerated nerves in
both groups were similar in number, with equivalent myelination. Our results suggested that while
the shape of the conduit does not reduce regenerative capacity of axons, it may be enhancing the
rate of regeneration. Interestingly, although the axons had to grow 3mm longer in the S-shaped
conduits as compared to the 10mm straight conduits within the same period, there was no
difference in the number of axons or functional recovery. These findings can be attributed to the
geometrical structural advantage of the S-shaped conduits, perhaps providing a topographical

substrate for the axons as they grow, that is absent in the continuous straight conduits. We can
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further use this model to extend the nerve gap length and explore the mechanisms of critical gap

regeneration and find key molecules that may provide potential therapeutic solutions.

5.2 Limitations And Future Directions

Growth factor enriched BNI conduits promote regeneration of peripheral axons, however, the
degree of functional recovery is unmatched to that of the autologous nerve graft. One limitation
of the BNI conduit, is the lumen space available to growing axons. The collagen filled
microchannels constitute only 38% of the conduit cross sectional area, which may contribute to
substantially less axonal growth as compared to autografts. However, regeneration through hollow
conduits has been shown to fail even at 3cm, suggesting the need for biodegradable internal
scaffolds that can be tuned to degrade at the of axonal growth. Polymers like poly-glycolic acid or
poly-lactic acid scaffolds or biodegradable hydrogels will be a favorable option for such
applications. Furthermore, while PLGA microspheres provide a sustained release of growth factors
within the BNI, since dissolved with collagen, their dispersion within the microchannels is difficult
to control. Our lab and others have reported the effect of neurotrophic factor eluting polymeric
fibers that provide uniform protein delivery and can be manipulated to create a gradient
concentration that provides axons increasing growth cues[204].

Neuregulinl Type-1l1 has been implicated in Schwann cell proliferation and differentiation
and is crucial during development as well as after injury. In our model of critical nerve repair,
NRGL1 Type-Il1 was effective in enticing axons and myelination, which resulted in enhanced motor
recovery and nerve conduction. However, lack of sensory testing makes it difficult to fully
understand whether this effect extends to sensory recovery as well. While it is implicated in radial

sorting and myelination, the mechanism by which NRG1 Type-I1l induces greater axonal growth
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and provides re-innervation is unclear. A future direction would be retrograde labelling to trace
the axons that reached the target muscle back through the dorsal root ganglia and into the spinal
cord, to classify their type and function. We also propose that the NRG1 Type-I11- ErbB2/3 system
is involved in bidirectional signaling that induces neurotrophic factor secretion from Schwann
cells. Using western blot analysis, the secretory profile of neurotrophic factors can be mapped, to
understand the timeline of the molecular events during regeneration of axons across the BNI
conduits[183].

Long term denervation caused by critical nerve injuries has a profound effect on the target
muscle, with atrophy of these muscles within the first few weeks post-injury. While the benefits
of low frequency electrical stimulation of the injured nerve or target muscle has been shown to
rescue atrophy and accelerate regeneration in crush and transection injuries, its efficacy in critical
nerve gap injuries is yet to be determined[100], [205]. A combined treatment of growth factor
enriched conduits and electrical stimulation of the muscle may be a valuable strategy and may

further improve re-innervation and functional recovery.

5.3 Overall Summary And Dissertation Contribution

Despite the robust regenerative capacity of the peripheral nervous system, repairing large nerve
defects remains a formidable challenge. In this dissertation we utilized a growth factor enriched
multi-luminal biosynthetic nerve implant to entice axons across a 4cm nerve gap. While we
demonstrated that PTN and GDNF promote axon regeneration, abnormal sorting of these axons
hinders maturation and myelination, leading to poor re-innervation. Using NRG1 Type-1ll we
were able to enhance axonal sorting, which resulted in greater number of myelinated axons. In this

work, we determined that while growth factors can get axons to grow across critical gaps, the
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number of axons does not necessarily translate to recovery and that maturation and myelination of
these axons is critical. Through this work we also determined a possible neurotrophic role of
Neuregulinl Type Il in addition to its known effect in radial sorting and myelination. In addition,
we designed S-shaped 3-D printed nerve guide conduits that provide micro and macro-
topographical features to guide axons and potentially accelerate growth by changing cellular
morphology and migration. This model also provides us with the ability to mimic a critical gap in
the rat model, and truly understand long term mechanisms involved in peripheral nerve

regeneration, using the well standardized assessment tools available in this model.
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