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ABSTRACT

LONG GAP PERIPHERAL NERVE RECONSTRUCTION
USING DECELLULARIZED

NERVE GRAFTS

Srikanth Vasudevan, PhD

The University of Texas at Arlington, 2013

Supervising Professors: Jonathan J. Cheng and Edward W. Keefer

Peripheral nerve injuries that arise as a result of trauma, tumor excision or birth can
adversely affect the quality of patient life, leading to lifelong disabilities in some cases.
Autologous nerve grafts are the clinical "gold standard” for long gap nerve repair, and allogeneic
nerve grafts are considered the next best treatment option. Despite having numerous benefits,
autologous nerve grafts are associated with limited supply, longer operation time, risk of
infection, painful neuroma formation and most importantly, loss of function at the donor site.
Allogeneic nerve grafts require transient immunosuppression, which exposes the patients to
risks of infection, toxicity and possible malignancy. To overcome the limitations of current
treatment procedures, use of decellularized nerve grafts has been developed as an alternative
treatment strategy. The aim of this research is to develop detergent-free decellularized nerve
grafts for repair of long gap peripheral nerve defects.

We first developed a detergent-free decellularization technique for producing nerve

grafts with appropriate mechanical, structural and biological properties. These decellularized

iv



nerve grafts were tested for functional nerve regeneration at multiple time points with and
without exogenous cells in the grafts across a 35 mm long gap defect. Finally, we compared the
detergent-free decellularized nerve grafts with a well-established detergent processing method,
and found that the detergent-free decellularized nerve grafts without any additional factors was
sufficient to promote functional nerve regeneration.

To understand the molecular differences between a regenerative and a non-
regenerative nerve injury, we developed a growth vs. no-growth injury model. Difference in
histological and molecular profile between the two injuries indicated a difference in response to
injury and repair. Data from this work enabled us to select compounds which could potentially
be used for improving nerve regeneration.

Finally, we found that the compounds selected from molecular profiling promoted
peripheral nerve regeneration. We optimized the detergent-free decellularization process and
examined nerve regeneration with and without addition of exogenous compounds. The in vivo
results suggest that the improved decellularized nerve grafts along with exogenous delivery of
compound was significantly better than the initially developed decellularized grafts, and
regeneration was comparable to unprocessed (fresh) nerve graft. There is a potential for clinical

translation of these promising results to improve the lives of patients with nerve injuries.
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CHAPTER 1
INTRODUCTION

1.1 The Peripheral Nerve

The Peripheral Nervous System (PNS) consists of nerves and ganglia that connect
limbs and organs with the brain and spinal cord which form the Central Nervous System (CNS).
Peripheral nerves are made up of axons that communicate through electrical conduction with
their target tissues, and transport materials to and from the neuronal soma (cell body). Also
contained within the peripheral nerves are Schwann cells that wrap around axons to form an
insulating myelin sheath and provide growth factors and structural support. The peripheral nerve
is formed by well organized connective tissues that ensheath peripheral axons. The fascial
structure of peripheral nerve can be divided into endoneurium, perineurium and epineurium.
Endoneurium surrounds axons along with their partner Schwann cells. Perineurium forms a
protective sheath around fascicles of endoneurium. Epineurium forms the outermost protective
layer which bundles multiple fascicles and blood vessels (Thomas, 1963; Buttermore et al.,

2013; King, 2013). A schematic representation of the peripheral nerve is shown in Figure 1.1.
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Figure 1.1 Anatomy of the peripheral nerve showing epineurium, perineurium, endoneurium,

fascicle, axons and blood vessels.



1.1.1 Peripheral Nerve Injury

Peripheral nerve injuries are relatively common. PNS injuries are estimated to occur in
approximately 2.8% of all traumatic injuries, many of which lead to lifelong disabilities. Injuries to
the PNS can be caused by accidents, chronic compression, tumor excision, radiation induced
injury and birth related defects (Noble et al., 1998; Belkas et al., 2004; Burnett and Zager,
2004). When nerves are subjected to injury, axons in the distal nerve segments undergo a
series of well orchestrated events know as Wallerian degeneration. Degenerating axons trigger
a cascade of signals leading to non-neuronal cellular responses that eliminate inhibitory debris
and molecules and provide a growth permissive environment for regenerating axons (Tofaris
et al., 2002; Coleman and Freeman, 2010; Gaudet et al., 2011).

Seddon (Seddon, 1943) classified nerve injuries into neurapraxia, axonotmesis and
neurotmesis. Among all the injuries, neurapraxia is the mildest form, where there is no structural
damage to the nerve, but there is transient functional loss due to myelin loss and local
conduction block. Common causes include compression injuries, with complete recovery of
function. Axonotmesis occurs when the axons and myelin sheath are severed, but the
surrounding support structures (including perineurium and epineurium) are left intact. Upon
axonotmesis, the distal segment of the axon along with myelin undergoes degeneration,
causing denervation of end organs. Since the axonal regeneration path is maintained by the
undamaged support structures, there are high chances of recovery. Some common causes
include severe contusion or crush injury to the nerves. Neurotmesis is the most severe form of
injury, where the whole nerve is severed leading to disconnection. It leads to complete loss of
function and requires surgical interventions. Sunderland (Sunderland, 1951) further classified
the nerve injuries into first-degree, second-degree, third-degree, fourth-degree and fifth-degree.

Sunderland's first-degree is Seddon's neurapraxia and the second-degree is
axonotmesis. The third-degree injury occurs when there is axonotmesis along with partial injury

to the endoneurium. Recovery of function depends on the magnitude of damage to the



endoneurium. The fourth-degree injury occurs when everything except the epineurium is
disrupted, requiring surgical interventions. The fifth-degree injury is equivalent to Seddon's
neurotmesis (Seddon, 1943; Sunderland, 1951, 1990; Burnett and Zager, 2004; Campbell,
2008). Figure 1.2 illustrates Seddon and Sunderland classification of nerve injury and shows the
relationship between the chances of spontaneous recovery with respect to the extent of tissue
damage (Burnett and Zager, 2004). The chance of spontaneous functional recovery decreases

with significant tissue damage.
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Figure 1.2 lllustration of Seddon and Sunderland grading system for classification of PNS injury.
1.1.2 Long gap Peripheral Nerve Injury: Current treatment

The peripheral nervous system has an inherent capacity to regenerate after injury, but
severe injuries (long gap) often lead to very poor and unsatisfactory outcomes (Burnett and
Zager, 2004; Szynkaruk et al., 2013). Nerve transection (neurotmesis or Sunderland’s 5th

degree injury) is the most severe injury to the nerve, which divides the nerve into proximal and
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distal stumps. Complete functional recovery after nerve transection is not achieved even with
optimal surgical reconstruction (Evans, 2001). In humans, if the inter-stump gap after nerve
transection is less than 2 cm (short gap injury), moderate recovery is observed upon nerve
repair. For gaps between 2 and 4 cm, the recovery is poor upon reconstruction. For nerve
injuries resulting in gaps greater than 4 cm, the chance of achieving functional recovery is very
poor to non-existent even after surgical reconstruction (long gap injury) (Reyes et al., 2005;
Navarro et al., 2007). Autologous nerve grafts (autografts) are the surgeon’s primary choice of
treatment, making it the “gold standard” for repair of long gap nerve defects. Allogeneic nerve
grafts (allografts) are a known substitute to autografts. Allografts from cadavers are readily
available and they contain cellular and microstructural components of a nerve similar to that of
autografts (Mackinnon et al., 1987; Midha et al., 1993). On the other hand, nerve conduits and
decellularized nerve grafts have been studied to guide axons towards their distal targets for
functional reinnervation, but they are limited to short gap injuries.
1.1.3 Need for Alternatives

Autografts are associated with increased risk of infection, inadequate supply, donor-
site functional loss and scarring, potential neuroma formation and longer operation times. The
major limiting factor with allografts is the requirement of systemic immunosuppressant
administration, which predisposes recipients to infection, toxic side effects and other
complications (Porayko et al., 1994; Gijtenbeek et al., 1999). Nerve conduits fail to support
nerve regeneration across a long gap injury (Moore et al., 2009; Pfister et al., 2011), leaving
decellularized nerve grafts as a potential alternative for nerve repair.
1.1.4 Decellularized Nerve Grafts

Due to the limitations cited before with autografts and allografts, there is an increasing
interest in decellularized nerve grafts for peripheral nerve repair. The advantage of
decellularized nerve grafts over conduits is the presence of intact basal lamina tubes and

extracellular matrix proteins that support axonal growth. There are numerous techniques for



preparing decellularized nerve grafts:(1) cold preserved nerve grafts (developed by Mackinnon
and colleagues); (2) freezing and freeze-thaw methods; (3) chemical detergent based protocols
and (4) irradiation protocol (Ide et al., 1983; Evans et al., 1998; Haase et al., 2003; Hudson et
al., 2004; Szynkaruk et al., 2013). Despite this extensive work, decellularized nerve grafts
continue to be limited by poor axon regeneration (~30% of unprocessed nerve grafts), disrupted
endoneurial tubes, damaged basal lamina and reduced regeneration distances (Whitlock et al.,
2009; Szynkaruk et al., 2013).

1.2 Overview of Research Project

1.2.1 Research Obijectives

The long-term objective of this research project was to develop a detergent-free nerve
decellularization technique for reconstructing a long gap (35 mm) nerve injury. The primary
purpose of using a detergent-free decellularization technique is to avoid the use of chemical
detergents for decellularization, which can damage the structural components of the tissues
during processing and can be toxic upon implantation if not completely removed (Crapo et al.,
2011).
1.2.2 Specific Aims

Specific Aim 1. Develop detergent-free decellularized nerve grafts for long gap
peripheral nerve reconstruction. Freshly harvested nerve grafts were processed using
detergent-free decellularization technique and evaluated for repairing long gap nerve defects
with or without exogenous cells inside the grafts. Detergent-free decellularized nerve grafts
were compared with established chemical processed nerve grafts.

Specific Aim 2: Establish a nerve injury model to study the difference in molecular
profile between a regenerative (growth, short gap) vs. a non-regenerative (no-growth, long gap)
nerve gap. A short gap reconstruction that always regenerates and a long gap reconstruction

that never regenerates were compared using RT-PCR techniques at the site of injury.



Specific Aim 3: Develop methods to improve nerve regeneration in detergent-free
decellularized nerve grafts. Initiated nerve regeneration across a critical gap using biological
compounds in a hollow silicone conduit. Use an optimized detergent-free processing technique
to obtain improved detergent-free decellularized nerve grafts. Evaluate drugs to improve
decellularized nerve grafts for long gap nerve regeneration.

1.2.3 Innovations

The decellularization technique developed in specific aim 1 is simple and cost effective.
The nerve architecture is kept intact using this technique while the process initiates events that
clear cellular debris. The nerve grafts obtained using this protocol support functional nerve
regeneration across a 35 mm gap in a rodent model, which is beyond the critical length. The
decellularized nerve graft can be potentially beneficial in the clinical setting, as it does not
require the use of harmful chemicals and supports regeneration across a long gap injury.

The growth vs. no-growth model described in specific aim 2 is crucial for better
understanding the molecular events occurring at the site of injury. Differential regulation of
genes was determined to allow careful selection of compounds that can be used for initiating
nerve regeneration across critical nerve defects.

The improved detergent-free decellularized nerve grafts evaluated in specific aim 3
showed improved nerve regeneration compared to a clinically available detergent processed
alternative. With the addition of selected drugs, the nerve recovery could be further improved.
1.2.4 Outcome of Research

The successful outcome of the research project will provide an off-the shelf alternative
to the clinical gold standard (unprocessed nerve graft) for the treatment of peripheral nerve
injuries. The safe, simple and cost effective processing technique can be translated for clinical

use, which can improve the quality of life for patients suffering from peripheral nerve injuries.



CHAPTER 2
DETERGENT-FREE DECELLULARIZED NERVE GRAFTS
2.1 Introduction

Injuries to the peripheral nerves are a very common problem for society, leaving
patients with lifelong disabilities (Belkas et al., 2004). Even though the peripheral nerves
possess an inherent capacity to regenerate upon injury, treatment outcome is often
unsatisfactory with severe injuries that lead to long gap defects measuring >3 cm (Burnett and
Zager, 2004; Navarro et al., 2007). Autografts have been the primary choice for treatment of
nerve gaps, but the associated limitations such as infection risk, inadequate supply and donor-
site morbidity have led to exploration of alternative treatment strategies (Ehretsman et al., 1999;
Battiston et al., 2005; Santosa et al., 2013) .

Allografts have been implemented in clinical settings as an alternative for autografts as
they are readily available and possess cellular and structural components similar to that of
autografts (Rivlin et al., 2010). However, the use of allografts necessitates administration of
systemic immunosuppressants, which predispose the patients to risks of infection, toxicity,
malignancy and other complications (Whitlock et al., 2009; Boyd et al., 2011).

Nerve conduits have been fabricated and evaluated with a variety of materials, but
artificial conduits have not been successful for nerve regeneration beyond 3 cm (Whitlock et al.,
2009).

Due to the limitations of autografts, allografts and nerve conduits, the search for
alternative repair strategies has led to an increasing interest towards developing decellularized
nerve grafts for repair of peripheral nerve injuries (Rivlin et al.,, 2010; Boyd et al., 2011,
Szynkaruk et al., 2013). Components of decellularized nerve grafts such as basal lamina and

extracellular matrix proteins support regenerating axons (Hudson et al., 2004; Nagao et al.,



2011). Some of the commonly used decellularization techniques include (1) cold preservation,
(2) chemical detergent based decellularization, (3) freeze-thawing and (4) irradiation. These
grafts have found limited use for repairing long gap nerve defects due to associated limitations
such as damaged basal lamina, disrupted endoneurial tubes, limited regeneration distance and
poor axonal regeneration (Hudson et al., 2004; Whitlock et al., 2009; Szynkaruk et al., 2013).
The specific aim of this work is to develop a detergent-free decellularization technique
for repairing long gap peripheral nerve injuries in a rodent model. The detergent-free processing
technique was developed to initiate Wallerian degeneration in vitro, as this process is
responsible for clearing myelin debris and other inhibitory components in the distal nerve
segment after injury. During Wallerian degeneration, Schwann cells de-differentiate and initiate
a cascade of events to phagocytose debris and recruit macrophages to aid in effective
clearance (Abercrombie and Johnson, 1946; Stoll et al., 1989; Griffin et al., 1992; Briick, 1997).
It has been shown that Schwann cells are capable of performing phagocytosis in culture
(Reichert et al., 1994), a function we leveraged to our favor in this work. After in vitro Wallerian
degeneration has occurred, the nutrient supply to the cells inside the nerves is withdrawn to
decellularize the nerves. The decellularized nerve grafts yielded by the detergent-free
processing technique was evaluated for nerve regeneration across a 35 mm long defect. We
also conducted experiments with exogenous cells seeded throughout the length of the

detergent-free decellularized grafts and established chemical detergent processed nerve grafts.



2.2 Experimental Section

All animal procedures were performed as per approved Institutional Animal Care and
Use Committee (IACUC) protocols at the University of Texas Southwestern Medical Center at
Dallas, Texas. Rats were anesthetized using intraperitoneal (IP) injection of a drug cocktail
containing ketamine hydrochloride (75 mg/kg) and dexmeditomidine hydrochloride (0.5 mg/kg).
Following terminal experiments, rats were euthanized using IP injection of sodium pentobarbital
(120 mg/kg). Subcutaneous injection of buprenorphine (Buprenex) and chewable tablets of
carprofen (Rimadyl) were placed in the cage for post-operative pain care.
2.2.1 Sciatic Nerve Harvest

Rats were anesthetized and both hind limbs were shaved and sterilized by application
of alcohol prep pads and betadine three times. Sciatic nerves were harvested from both hind
limbs of thirty nine donor rats (Lewis, male, >350 g; Charles River) under aseptic conditions.
Briefly, the skin was incised using a scalpel, and the underlying sciatic nerve was exposed
using thigh muscle-splitting procedure. The entire length of the sciatic nerve from greater sciatic
foramen to the distal trifurcation was carefully dissected and harvested, yielding approximately
4.2 cm long nerves. Nerves were handled in aseptic conditions for further processing.
2.2.2 Schwann Cell Culture

Cultivation of Schwann cells for this study was performed as described elsewhere
(Komiyama et al., 2003). Briefly, sciatic nerves of rats (male, Lewis) were harvested and
washed in phosphate-buffer saline (PBS; Gibco, USA). 1 mm segments of nerve were digested
with 0.05% collagenase/dispase in 10 ml Boehringer Mannheim medium (Boehringer
Mannheim, Germany), followed by trituration and incubation for 3h in a cell culture incubator at
37 °C, 5% CO,. To inactivate the digestion mixture, 10 ml of medium containing 10% fetal
bovine serum (FBS; Hyclone, USA) was added and the nerves were subjected to mechanical

dissociation. Further, the nerve fragments were plated onto a T75 flask coated with poly-L-



lysine (0.1%) and cultured using Schwann cell medium containing 2.5% FBS. Purified Schwann
cells were used to evaluate the effects of exogenous cell supplemented decellularized grafts.
2.2.3 Skin Derived Progenitor Cell Culture

Skin derived progenitor (SKPs) cells were cultured as per published protocols (Toma et
al., 2001; Fernandes et al., 2004). Briefly, dorsal skin from adult rats (Lewis, male) was
dissected and minced into 2-3 mm? pieces under aseptic conditions. Tissues were subjected to
enzymatic digestion using 0.1% trypsin for 45 min in a cell culture incubator at 37 °C, 5% CO,,
and dissociated mechanically before passing the cells through a 40 um cell strainer to remove
larger clumps. Cells were cultured in DMEM-F12 medium (Invitrogen, USA) containing FGF2
(40 ng/ml) and EGF (20 ng/ml) (both from Peprotech, USA) using T25 flasks in cell culture
incubator. SKPs were mechanically dissociated and passaged and cultured in medium
containing 75% fresh medium and 25% conditioned medium from the initial flask. Purified SKPs
were used to evaluate the effects of decellularized grafts supplemented with exogenous cells.
2.2.4 Detergent-free Decellularization

Detergent-free decellularized nerve grafts (Decell) were obtained using a protocol
developed in our laboratory. Freshly harvested sciatic nerves from donor rats were rinsed in
Dulbecco's Modified Eagle Medium (DMEM; Gibco, USA) containing 10% FBS and 4%
penicillin/streptomycin/amphotericin B (Antibiotic-Antimycotic; Gibco, USA). After rinsing, the
nerves were sutured (10-0 nylon; Arosurgical, USA) onto sterile rubber holders (5 x 1 x 1 cm) to
retain nerve length for processing.

For initiating Wallerian degeneration in vitro, nerves along with rubber holders were
transferred into 15 ml conical tubes containing 7 ml DMEM10 medium (DMEM10 = Dulbecco's
Modified Eagle Medium with 10% FBS and 2% penicillin/streptomycin/amphotericin B) and
agitated for 2 weeks inside a cell culture incubator kept at 37°C with 5% CO,. During the culture
period, 3 ml of DMEM10 from the tubes were replaced with 3.5 ml of fresh DMEM10 every 3

days to replenish nutrients in the medium.
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To decellularize the nerves, DMEM10 medium from the tubes were replaced with PBS
containing 2% penicillin/streptomycin/amphotericin B and agitated for 1 week at 37 °C, 5% CO,
in a cell culture incubator. This process was used to abruptly withdraw nutrient supply to the
grafts and to remove debris by constant agitation. Processed grafts were stored at 4 °C until
implantation. Figure 2.1 demonstrates the process used for preparing Decell grafts for

implantation.

" DONORNERVE &
HARVEST
(24 cm) =

(RETAIN LENGTH

INITIATE WALLERIAN

DEGENERATION
(DMEM10, 37° C, 5% CO,, 2
Weeks, Agitation: 1 Cycle/Sec)

DECELLULARIZATION
(1x PBS, 37° C, 5% CO,, 1 Week,
Agitation: 1 Cycle/Sec)

4 IMPLANT NERVE
P INTO RECIPIENTS

Figure 2.1 Decell graft processing and implantation overview
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2.2.5 Immunohistochemical Analysis of Decell Grafts

For immunohistochemical (IHC) purposes, samples of Decell grafts were immersion
fixed in 4% paraformaldehyde (Sigma Aldrich, USA) overnight and washed in PBS. Samples
were prepared for cryosectioning, and embedded into OCT blocks. 10 pm sections were
blocked using 4% goat serum (Life Technologies, USA) and stained with mouse anti-laminin B2
gamma 1 (D18) primary antibody (Abcam, ab80581, 1:300), and goat anti-mouse Alexa Fluor
488 secondary antibody (Molecular Probes, A11017 1:300).
2.2.6 Ultra-Structural Analysis Using TEM

For high magnification imaging of myelin and cellular components, Decell nerves were
immersion fixed in 3% glutaraldehyde (Sigma Aldrich, USA). Samples were processed for
transmission electron microscopy (TEM) as described elsewhere (Mackinnon et al., 1982).
Briefly, nerves were post-fixed in osmium tetroxide and embedded in Araldite 502. Ultra-thin
sections were cut and stained with uranyl acetate-lead citrate solution.
2.2.7 Exogenous Cell Loaded Decell Grafts

Schwann cell loaded Decell grafts (Decell + SC) were prepared by injecting 10° cells in
culture medium into the grafts before implantation. Similarly, SKPs loaded Decell grafts (Decell
+ SKPs) were prepared by injecting 10° cells into the grafts before implantation.
2.2.8 Detergent Decellularized Nerve Grafts

Detergent decellularized nerve grafts (Detergent Decell) were processed by
decellularization and elimination of chondroitin sulfate proteoglycans (CSPG) using established
protocols (Hudson et al., 2004; Neubauer et al., 2007). Freshly harvested sciatic nerves were
placed in RPMI 1640 medium (Gibco, USA) to clear connective and fatty tissues. As described
before, nerves were secured onto rubber holders using 10-0 nylon sutures for retaining length
during processing.

Decellularization of nerves was achieved by transferring the nerves into 15 ml conical

tubes containing double distilled water (DD; 18 MQ) at 25 °C for 7 hr under constant agitation.
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Table 2.1 describes the formulations of solutions used for detergent-decellularization. All the
reagents were purchased from Sigma Aldrich, USA unless specified. After DD water wash,
nerves were transferred into 15 ml conical tubes containing SB-10 buffer, and were subjected to
constant agitation at 25 °C for 15 hr. Nerves were rinsed with washing buffer for 15 min. The
washing buffer was replaced with SB-16 buffer and again agitated at 25 °C for 24 hr followed by
rinsing in washing buffer 3 times for 5 min each. Nerves were then transferred into new 15 ml
tubes containing SB-10 buffer and agitated at 25 °C for 7 hr followed by rinsing with washing
buffer for 15 min. The washing buffer was replaced with SB-16 buffer and agitated at 25 °C for

15 hr, followed by three washes with 10 mM phosphate-50 mM sodium buffer for 15 min each.

Table 2.1 Formulations used for preparing buffers and detergent solutions

Solutions Formulations

1 10 mM Phosphate - 50 mM Sodium buffer | NaCl 1.860g
NaH,PO4.H,O 0.262g
NaH,PO,.7H,O 2.170g

Add DD waterto 1 L

2 50 mM Phosphate - 100 mM Sodium buffer | NaCl 0.560g
(Wash buffer) NaH,PO,.H,O 1.310g
NaH,PO,.7H,O 10.850g

Add DD waterto 1 L

3 SB-10 solution Sulfobetaine-10 125 mM

10 mM Phosphate - 50 mM Sodium buffer

4 SB-16 solution Sulfobetaine-16 0.6 mM
Triton X-200 0.14%

10 mM Phosphate - 50 mM Sodium buffer
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Following detergent processing, inhibitory CSPGs were eliminated using
Chondroitinase ABC (ChABC) treatment. Detergent-processed nerves were incubated in PBS
containing 2 units/ml ChABC at 37°C and 5% CO, for 16 h in a cell culture incubator. The
process was completed by washing the nerves using cold Ringer’s solution 3 times for 15 min
each and Detergent Decell grafts were stored in Ringer’s solution at 4 °C until implantation.
2.2.9 Implantation of Nerve Grafts

Recipient rats were prepared under aseptic conditions as described previously using
alcohol prep pads and betadine. All groups received 35 mm long nerve grafts in reversed
orientation across transected right sciatic nerve at mid-thigh level. Unprocessed nerve grafts
were implanted immediately after harvest from donor rats under aseptic conditions. The entire
length of sciatic nerve grafts was accommodated as described in our previous work(Vasudevan
et al., 2013). Briefly, constructs were placed around the anterior head of biceps femoris muscle
and coapted to proximal and distal stumps using 10-0 nylon epineurial sutures under an

operating microscope. Figure 2.2b illustrates the implantation procedure for nerve grafts.

Figure 2.2 Intraoperative images showing implantation of long conduits and nerve grafts. (a) 3.5

cm silicone tube, and (b) 3.5 cm nerve graft. Silicone tube conduits and nerve grafts were
looped around the anterior head of biceps femoris muscle (*). Arrows indicate coaptation sites.

Proximal nerve stump is on the left side of the images (Vasudevan et al., 2013)
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Silicone conduits were implanted by inserting the proximal and distal ends of the sciatic
nerve into the lumen of the conduit, which was placed around the biceps femoris muscle as
shown in Figure 2.2a.

2.2.10 Experimental Setup

Sixty four rats (male, Lewis, 250 - 300g) were randomly assigned into six groups: (1)
Unprocessed nerve graft (positive control, n=6 per time point), (2) Detergent-free decellularized
grafts (Decell, n=6 per time point), (3) Decell loaded with Schwann cells (Decell + SC, n=6 per
time point), (4) Decell loaded with SKPs cells (Decell + SKPs, n=6 per time point), (5) Detergent
decellularized grafts (Detergent Decell, n=6) and (6) Silicone tube (negative control, 3.5 cm
length, 1.6 mm ID, n=6 per time point). All groups other than Detergent Decell group were
evaluated at 6 weeks, 8 weeks and 12 weeks post-implantation. Detergent decell group was
evaluated only at 12 weeks for comparison purposes. An overview of the experimental

evaluation is demonstrated in Figure 2.3.
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Figure 2.3 Flowchart of experimental procedures for evaluation of nerve regeneration

2.2.11 Gastrocnemius Muscle Electrophysiology

Gastrocnemius muscle specific tetanic tension (maximum tension normalized to muscle
weight) was used as a parameter for functional nerve regeneration. At each time point, animals
were anesthetized and immobilized in a rigid frame consisting of clamps on the pelvis and a
stereotaxic head holder. The gastrocnemius muscle in both experimental and contralateral
limbs was exposed followed by excision of soleus and plantaris. The Achilles tendon was
isolated with its calcaneal insertion and detached from the remainder of the bone, and a 4-0
nylon suture (Ethicon, USA) was tied to form a loop at the tendon insertion and attached to a
strain gauge (Kutile BG1250) along the line of pull for measuring muscle tension. The hind limb
to be studied was further stabilized using clamps on the hind foot. Sciatic nerve proximal to the

reconstruction was stimulated using bipolar hook electrodes, which were electrically isolated
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using cotton soaked in mineral oil. Figure 2.4 shows the setup used for performing muscle

electrophysiology.

Bipolar hook electrode

i

Gastrocnemiu

Figure 2.4 Muscle electrophysiology setup used for evaluation of nerve regeneration

To measure tension, the nerve was stimulated with 100 ps square wave pulses with
voltage 3X above twitch threshold. Peak twitch tension was obtained by adjusting muscle length
and all remaining tension measurements were digitized and recorded at this setting (CED 1404
Plus, Signal 3.0). Peak tetanic tension was determined by stimulating the sciatic nerve with 100
pulses/sec for 600 ms. For comparison of tetanic specific tension between groups, normalized
specific tension [(experimental tension per gram)/(contralateral tension per gram)] was
determined.

After performing muscle electrophysiology, gastrocnemius muscles from both
experimental and contralateral sides were harvested for obtaining wet muscle mass. The ratio
of experimental to contralateral muscle mass was used for comparison among groups.

Contralateral muscles served as an internal control to adjust for variability between animals.
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2.2.12 Evaluation of Nerve Regeneration Using Histomorphometry

For evaluating regeneration across the nerve grafts, semi-automated quantitative
histomorphometry was performed on the distal sciatic nerve stump. Nerve stumps were
harvested and immersion fixed in 3% glutaraldehyde at 4 °C. Samples were prepared as per
established protocols (Hunter et al., 2007). Briefly, nerve tissues were post-fixed in 1% osmium
tetroxide, serial dehydration was performed using ethanol and specimens were embedded
using Araldite 502 and semithin sections were cut. Sections were stained with 1% toluidine blue
and mounted on glass slides for imaging.

Analysis of tissue was performed using Leco 1A32 Image Analysis System to obtain
total number of axons, myelin width and fiber distribution for comparison among groups. Figure
2.5 shows the steps involved in performing quantitative histomorphometry. Bright field images of
multiple fields were analyzed using the system and myelin was covered by pixels by selective
thresholding. To remove components other than myelin, selected pixels were trimmed using the
slice function and eliminated using the Kill function. Following myelin selection, areas
surrounded by myelin (axon) were automatically selected by the program. Pixels other than
axons were removed by using kill function and the nerve along with myelin was quantified for

multiple parameters.
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Figure 2.5 Histomorphometry analysis on regenerated nerves. (a) Selected field showing

regenerated axons. (b) Selection of myelin by carefully performing threshold. (c) Slicing
unwanted regions of the myelin (arrow) and debris. (d) Eliminating regions other than
myelinated axons using kill option (arrow). (e) Analyzing field to obtain axons (green) and
myelin (red). (f) Eliminating pixels other than axons. (g) Analyzing only myelinated axons in the

field. (h) Sample of the report showing details of the analyzed field.



2.2.13 Statistical Data Analysis

The results were analyzed using Student's t-test between groups with significance at
P<0.05. Multiple groups were compared using one-way analysis of variance (ANOVA) with
P<0.05 and Newman-Keuls Post-hoc method was used for pairwise comparison (Statistica 4.5).
Data is presented in terms of mean * standard deviation (SD).

2.3 Results and Discussion

2.3.1 Decell Grafts Characterization

Decell grafts were stained with antibodies against laminin to observe endoneurial tubes.
After the 3 week long processing, endoneurial tubes were preserved as shown in Figure 2.6.
The longitudinal sections show continuity of basal lamina, which is essential for guiding

regenerating axons to the distal targets. The process preserves the endoneurial structure which

facilitates regeneration.

Figure 2.6 Laminin staining of Decell grafts to visualize endoneurial tubes. Cross-sections (left)
and longitudinal section (right) showing preserved endoneurial microstructure. Scale bar 100
pm.

To compare the effects of in vitro Wallerian degeneration and decellularization on
myelin and cellular components of the nerve, we subjected nerves to detergent-free

decellularization technique developed by our lab and compared these with nerves that were
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immersed in PBS for 3 weeks as a control. Myelin sheaths in the Decell grafts had disintegrated
to a loose structure, but the control group treated with PBS retained compact myelin as seen in
Figure 2.7. Schwann cells in the nerve have the potential to perform cell-mediated myelin
degradation (Reichert et al., 1994), and this was used to our advantage by keeping the cells in
the nerve supplemented with DMEM10 medium. The in vitro initiation of Wallerian degeneration
helps in clearance of cellular debris and inhibitory myelin. Detergent-free decellularization

technique can be used to process grafts which readily integrated upon implantation to form a

supportive environment for regenerating axons.

Figure 2.7 TEM images of nerve grafts treated with PBS only for 3 weeks (left) and Decell grafts
(right). Scale bar 10 pm.

2.3.2 Schwann Cell and SKPs Cell Culture

Schwann cells play an important role in nerve regeneration by providing support to
regenerating axons (Dowsing et al, 1999). To study the effects of Schwann cell
supplementation of the detergent-free processed grafts, we successfully cultured primary
Schwann cells and characterized them with S-100 antibody (Figure 2.8). These cells were
injected into Decell grafts to obtain Decell + SC grafts which were implanted to reconstruct a

long gap nerve injury.
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Figure 2.8 (a) Cultured Schwann cells stained for S-100. (b) SKPs spheres in culture

Skin derived progenitors (SKPs), a population of cells known to have the capacity to
differentiate to Schwann cells to aid PNS regeneration (Lu et al., 2012), were used to
supplement detergent-free processed nerve grafts. We were successful at culturing these cells
from adult rat tissues (Figure 2.8) and injected them along the length of a Decell graft forming
Decell + SKPs grafts. These grafts were implanted to reconstruct a long gap injury, to study the
effect of undifferentiated SKPs on nerve regeneration.

2.3.3 Recovery of Gastrocnemius Muscle Function

Regeneration across nerve grafts was studied at 6 weeks, 8 weeks and 12 weeks post-
implantation. Time points were chosen to estimate the optimum time required for functional
nerve regeneration using decellularized nerve grafts to reconstruct long nerve gaps.

All the groups, including unprocessed nerve graft did not show recovery of muscle
function at the 6 week time point. We determined that the time required for regeneration and
formation of functional synapses is longer than 6 weeks using this model.

Animals evaluated at the 8 week time point showed recovery of muscle function in
groups implanted with Unprocessed nerve graft and Decell + SC grafts. All the other groups did
not show signs of muscle recovery during the 8 week implantation period. The tetanic specific
tension and wet muscle mass comparison between Unprocessed nerve graft group and Decell

+ SC group is shown in Figure 2.9. Unprocessed nerve grafts contain native cellular and
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structural components and are considered to be a gold standard for nerve repair. The Decell +
SC group had Schwann cells re-seeded within the nerve matrix to partially simulate an
unprocessed nerve graft. Although the Unprocessed nerve graft group provides a better
regenerative environment, there was no significant difference in terms of tetanic specific tension
and wet muscle mass. This implies that the preserved matrix of Decell grafts along with cellular

support from Schwann cells is sufficient to promote functional recovery of target muscle.
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Figure 2.9 Functional recovery of gastrocnemius muscle at 8 weeks post-implantation. Graphs
show tetanic specific tension and wet muscle mass between Unprocessed nerve graft and
Decell + SC groups.

Evaluation of muscle recovery at 12 week time point showed that the Unprocessed
nerve graft group and Decell group had function (Figure 2.10). The Decell + SC group showed
degeneration at the distal grafts in some cases, and did not have any function at this time point.
Decell + SKPs, Detergent Decell and Silicone tube group did not have muscle function. It was
interesting that the supplementation of Schwann cells within Decell grafts accelerated
regeneration to form functional connection with the target muscle at 8 weeks, but did not exhibit
function at the 12 week time point.

There was no significant difference between the functionally regenerated Unprocessed
nerve graft and Decell groups in terms of tetanic specific tension, but the muscle mass

comparison showed higher muscle mass in the Unprocessed nerve graft group. The
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Unprocessed nerve graft group also had earlier functional recovery as shown at the 8 week time
point, which would be a reason for superior muscle mass. However, we found that the Decell
group without addition of external factors was sufficient to promote functional regeneration,

comparable to the Unprocessed nerve graft group in this long nerve gap model.
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Figure 2.10 Gastrocnemius muscle functional recovery at 12 weeks post-implantation. Tetanic
specific tension and wet muscle mass comparison between Unprocessed nerve graft and Decell
groups.

2.3.4 Nerve Regeneration Analysis Using Quantitative Histomorphometry

Myelinated axons in the distal nerve stumps were used as a measure to evaluate nerve
regeneration in all groups. Total number of axons, myelin width and fiber distribution (according
to thickness) were obtained using quantitative histomorphometry.

Even though there was no recovery of muscle function at the 6 week time point, we
observed axon regeneration in the distal nerve stumps of Unprocessed nerve graft group only.
Other groups did not show signs of regeneration. This time point was too early to study
regeneration across a 35 mm long gap injury using processed nerve grafts.

Myelinated axons regenerated across the long gap into the distal nerve stumps in
Unprocessed nerve graft and Decell + SC groups at 8 weeks (Figure 2.11). Other groups did
not have myelinated axon growth at this time point. The Decell + SC grafts contained structural

and cellular components (Schwann cells) that promoted nerve regeneration across a long gap.

24



It is promising at this point to use Schwann cell seeded Decell grafts to obtain nerve

regeneration as an alternative to autografts.

Figure 2.11 Bright field image of toluidine blue stained sections showing regeneration of
myelinated axons in the distal nerve stumps at 8 weeks. (a) Unprocessed nerve graft, (b) Decell
+ SC. Scale bar 5 um. Arrows showing myelinated axons.

We compared total number of axons and myelin width between the regenerated groups
to study the efficacy of Decell + SC grafts compared to Unprocessed nerve grafts (Figure 2.12).
Better regeneration is observed in the Unprocessed nerve graft group compared to the Decell +
SC group, but there is no significant difference in maturity of myelination as shown by the
myelin width data. Unprocessed nerve graft promotes robust regeneration, but the myelination
of the Decell + SC group supported comparable muscle function. Presence of larger caliber
fibers suggests that the maturity of axons in the Unprocessed nerve graft group was superior to
that of Decell + SC group as shown by the fiber distribution data. However, uninjured nerve fiber
distribution suggests that both thin and thick fibers contribute to complete function of a matured

nerve.
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Figure 2.12 Quantification of total axons, myelin width and fiber distribution at 8 weeks. Data
compare regeneration of Unprocessed nerve graft, Decell + SC groups and Uninjured Nerve.
Nerve regeneration at the 12 week time point was observed in all the groups other than
Decell + SKPs and silicone tube. In the following comparisons, Decell + SKPs and silicone tube
groups were omitted entirely because they showed no regeneration. Bright field images of
regenerated axons are seen in Figure 2.13, which shows maximum regeneration in the
Unprocessed nerve graft group, least in the Decell + SC group, and intermediate in the Decell

and Detergent Decell groups.
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Figure 2.13 Bright field image of distal nerve stumps at 12 weeks post-implantation.

Regeneration of myelinated axons can be seen in (a) Unprocessed nerve graft, (b) Decell + SC,
(c) Decell, and (d) Detergent Decell group. Scale bar 5 um

Of the groups that regenerated, the total number of axons in the Unprocessed nerve
graft group was significantly higher than other groups, Decell + SC group showed the least
amount of axons and the regeneration of axons in Decell and Detergent Decell groups were
comparable as shown in Figure 2.14. Importantly, the Decell group regenerated axons and
promoted functional muscle recovery without addition of exogenous factors. The Detergent
Decell group promoted regeneration across a long gap, which previously had not been tested.
The Decell group proved to be superior to the Detergent Decell group due to the recovery of
function. This may be due to the absence of chemical detergents during processing of Decell

grafts.
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Myelin width was used to assess maturity of myelination, which indicated that
Unprocessed nerve graft, Decell and Detergent Decell groups have comparable myelination in
the distal nerve stumps. Poor myelin width in the Decell + SC group could be attributed to distal
degeneration due to the presence of increased myelin debris (~60% more myelin debris at 12
weeks compared to 8 weeks).

Fiber distribution data showed that the Unprocessed nerve graft group and the Decell
group had regenerated thicker fibers in the range of 7-8 um, which was absent in Detergent
Decell and Decell + SC groups. Increased maturity of regenerating nerve in the Decell group
shows that nerve regeneration may have preceded the Detergent Decell group, and could

possibly be more effective in minimizing atrophy of muscle due to earlier reinnervation.
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Figure 2.14 Comparison of total axons, myelin width and fiber distribution between

Unprocessed nerve graft, Decell, Decell + SC and Detergent Decell groups at 12 weeks.
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Figure 2.15 Analysis of Decell + SKPs group. (a) Swollen proximal nerve at the time of harvest.
(b) TEM image of enlarged section shown in (a). (¢) Proximal section stained with Phospho
Neurofilament (axons), S-100 (Schwann cells) and Nuclei (DAPI). (d) Phase contrast image of
stained section.

Throughout the experiments, Decell + SKPs group did not show any regeneration into
the distal nerve stump. Some cases showed swelling at the time of harvest as shown in Figure
2.15a. TEM imaging of the section (Figure 2.15b) showed random orientation of fibers inside
which appeared similar to a neuroma. We found that axons at the proximal stump may have
been blocked from entering into grafts by multiple cell layers as seen in Figure 2.15c. Overall,
supplementation of Decell grafts with SKPs was found to be deleterious to nerve regeneration.

As expected, the Silicone Tube group did not initiate nerve regeneration throughout the
experimental duration, making it a "no re-growth" model.

Although studies on small animal models have been successfully translated into clinical
practices (Kale et al., 2011), one should take utmost care while extrapolating data (Sunderland
et al., 2004). For this study, 6 animals per group were used to obtain a power of 0.80 to detect

50% differences between the experimental groups, which has been shown to make an
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observable difference when translated for clinical use (Kawamura et al., 2010). Detecting 50%
difference with a 100% standard deviation can be extremely powerful, as approximately 30% of
original motor neurons can impart normal muscle function (To6tdsy de Zepetnek et al., 1992;
Lutz et al., 2000; Witoonchart et al., 2003). However, comparison of tetanic specific tension did
not yield a significant difference between the groups despite showing a trend towards difference
(Figure 2.9). For detecting small effect sizes as seen in this case, increasing the sample size
can result in increase in the power of an experiment by reducing type Il errors.
2.4 Summary

We successfully demonstrated a detergent-free nerve decellularization method, that
promotes functional nerve regeneration across a critical injury. We leveraged the ability of
Schwann cells present inside a freshly harvested nerve to initiate Wallerian degeneration in
vitro, which reduced myelin and cellular components in the Decell grafts and provided a
favorable environment for the regenerating axons. Exogenous Schwann cell seeded grafts
showed promise at earlier time points, but were not a preferred choice as the group showed
degeneration at later time points. Our data with SKPs seeded grafts showed that these
undifferentiated adult skin derived stem cells were deleterious to nerve growth. The most
interesting experiment involving the established detergent processing technique (Detergent
Decell grafts) revealed that although nerves regenerated into the distal nerve stumps, there was
no functional recovery of target muscles. The overall results from our experiment suggest that
the detergent-free decellularized nerve grafts (Decell grafts) were sufficient to promote
functional regeneration across a long gap nerve injury.

Unprocessed nerve grafts were the best among all the groups in the experiment, but
the limitations associated with them make room for improvement of the decellularized grafts
presented in this work. Factors that govern regeneration of nerves across a long gap will be
studied in chapter 3, and will be later utilized for improving regeneration across a long gap injury

using detergent-free decellularized nerve grafts.
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CHAPTER 3

MOLECULAR PROFILING OF REGENERATIVE VS. NON-REGENERATIVE NERVE INJURY
3.1 Introduction

Peripheral nerve injuries that require surgical intervention account for ~550,000
patients each year in the United States alone (published by Magellan Medical Technology
Consultants, Inc., MN). This enormous clinical need drives peripheral nerve regeneration
research (Yannas et al.,, 2007). The PNS has an inherent capacity to regenerate to a certain
extent when subjected to injury. In rats, it has been demonstrated that inside nonporous silicone
tube conduits, the PNS readily regenerates up to a distance of 10 mm between the proximal
and distal nerve stumps, and no regeneration is observed if the gap is greater than or equal to
15 mm (Lundborg et al., 1982a). Numerous engineering and biological techniques have been
employed to induce nerve regeneration (Siemionow et al., 2010). Due to variability in properties
and influence of multiple unknown factors that mediate nerve growth, we sought to develop a
growth or no-growth injury model, which either always grows or never initiates nerve
regeneration. A growth vs. no-growth model of nerve injury will be ideal for determining key
molecular differences between a regenerative injury and a non-regenerative nerve injury (no
evidence of regeneration).

For establishing the growth vs. no-growth model, one of the major factors that was
taken into consideration was to minimize the influence of the conduit on nerve regeneration. A
silicone tube is biologically inert and has been widely used for nerve regeneration studies
(Lundborg et al., 1982b; Williams et al., 1983). For a regenerative nerve gap, a 1.2 cm silicone
tube was used to form an 8 mm nerve gap after implantation. The regenerative nerve injury will
be referred to as short gap henceforth. A non-regenerative gap, which will be referred to as a
long gap, was formed using a 3.5 cm silicone conduit with a 30 mm nerve gap after
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implantation. A 30 mm gap was selected for creating a long gap injury since it is non-
regenerative and is conserved across all species (Strauch et al., 2001). There was no initiation
of nerve regeneration in this setting for up to 16 weeks as described in chapter two (Silicone
Tube group), making it suitable for comparison with the regenerative short gap. Figure 3.1

shows a schematic representation of the growth vs. no-growth nerve injury model.
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Figure 3.1 Schematic representation of the growth vs. no-growth nerve injury model using

silicone tube conduits to differentiate a short gap from a long gap injury
The primary purpose of the growth vs. no-growth model described in this chapter is to
differentiate a short gap injury from a long gap injury using molecular biology techniques (RT-
PCR). We hypothesized that there is a difference in molecular signature between a regenerative
and a non-regenerative injury. Successful demonstration of difference in gene regulation can be
used to select biologic and pharmacologic compounds that can be used to improve nerve

regeneration in the clinical setting.
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3.2 Experimental Section

All animal procedures described in this chapter were performed as per approved
Institutional Animal Care and Use Committee (IACUC) protocols at the University of Texas
Southwestern Medical Center at Dallas, Texas. Rats were anesthetized using intraperitoneal
(IP) injection of drug cocktail containing ketamine hydrochloride (75 mg/kg) and
dexmeditomidine hydrochloride (0.5 mg/kg), and euthanized using IP injection of sodium
pentobarbital (120 mg/kg). Subcutaneous injection of buprenorphine (Buprenex) was
administered for pain care after survival procedures and chewable tablets of carprofen
(Rimadyl) were placed in the cage for analgesia.

3.2.1 Conduit Implantation

Silicone tube conduits (1.6 mm ID) were used to create the short gap and long gap
injuries in rats (male, Lewis, 250-300 g). Conduits were trimmed to desired length, rinsed in DD
water and sterilized in an autoclave before implantation procedures.

Both short gap and long gap conduits were filled with 3D collagen cell culture system
(Millipore, USA) using a sterile micropipette, and the collagen was allowed to gel inside a cell
culture incubator at 37 °C for 45 min. At the time of implantation, the right hind limb of
anesthetized rats was shaved and sterilized using 70% alcohol prep pads and betadine. Sciatic
nerve was exposed and transected at mid thigh level just proximal to trifurcation. Proximal and
distal nerve stumps were inserted ~2 mm into both ends of the tube to form either a short gap or
a long gap injury, and held in place using 7-0 Prolene suture (Ethicon, USA).

3.2.2 Time Point Selection

To evaluate the difference in molecular profile between a long gap and a short gap
injury, we harvested samples at 4 days and 7 days post-implantation.

The 7 day time point was selected based on previous electrophysiological experience

(Garde and colleagues), as a regenerative electrode array implant in a short gap could record
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nerve activity as early as 7 days in certain cases (Garde et al., 2009). This could be possible
only when the nerve has regenerated out of the proximal stump towards the distal nerve.
3.2.3 Comparison of Short Gap vs. Long Gap Injury Using IHC

To study whether there is a difference in tissue response between the short gap and the
long gap injury at 7 days, proximal stumps were harvested and immersion fixed in 4%
paraformaldehyde overnight and washed in PBS. Blocks of the nerves were embedded in OCT
for longitudinal sectioning in the middle of the nerves. 10 um sections were stained with
antibodies against axons (B Tubulin; Sigma Aldrich, USA), macrophages (CD68; Millipore, USA)
and nuclear counterstain (DAPI; LifeTechnologies, USA).

To evaluate the number of cells near the proximal stumps of short gap and long gap
injury at 4 days, the 3D collagen gel from inside the lumen of conduits was harvested and fixed
in 4% paraformaldehyde and washed in PBS. Samples were embedded in OCT to obtain cross-
sections. The collagen sections were stained with DAPI to quantify and compare the cell density
of recruited/migrated cells.

3.2.4 Implantation for Molecular Analysis

To differentiate difference in mRNA levels between the short gap and long gap injury,
animals were prepared as described previously. Short gap and long gap conduits were
implanted in the right hind limb of rats (n=3 per group per time point). One set of rats was
harvested at 4 days and the other was harvested at 7 days post-implantation, yielding proximal
and distal nerve stumps of short gap and long gap injury at multiple time points. To prevent any
degradation of mMRNA, nerve stumps were collected in RNAlater solution (Qiagen, USA) for
performing reverse transcription polymerase chain reaction (RT-PCR). For comparison
purposes, uninjured sciatic nerves were harvested from donor rats in RNAlater solution.

3.2.5 RT-PCR of Nerve Stumps
All components used in this section were purchased from Qiagen, USA, unless

otherwise noted. DNase/RNase free tubes were used for collection and processing of nerve

34



samples. Samples were weighed, added to a micro-centrifuge tube containing 5 mm stainless
steel beads, and 650 pl of tissue lysis buffer was added. The tubes were balanced and placed
in a tissue lyser to completely lyse the nerve samples. Phenol was removed from the lysis buffer
by centrifuging the samples with 200 pl of chloroform. Samples free of phenol were processed
using the RNeasy micro kit. Any liquid contamination during the processing was carefully
eliminated by pipetting. A Picodrop spectrophotometer was used to analyze the RNA yield and
purity obtained by the extraction process.

To prepare the complementary DNA (cDNA), 1 mg/ml of RNA was mixed with
DNase/RNase free de-ionized (DI) water to obtain 8 pl of solution. Contents were transferred
into new PCR tubes, and 2 pl gDNA elimination buffer was added to obtain 10 pl of total
volume. Samples were transferred to a thermal cycler for 5 min at 42 °C to eliminate any gDNA
contamination. All samples were placed at 4 °C for 3 min to eradicate gDNA eliminator effect.
The tubes were subjected to thermal cycle of 42 °C for 15 min, 95 °C for 5 min and 25 °C for 1
min to synthesize cDNA. All samples were placed in a pre-cooled plate (-20 °C) and 91 pl of DI
water was added to the samples.

PCR mix was made by taking 102 pl of cDNA in 1248 pl of DI water and 1350 pl of
2xSAB master mix. 25 pl of samples were added to each well and SYBR green was selected.
DNA Taq polymerase was activated at 1 cycle for 10 min at 95 °C, followed by 40 cycles 15 s at
95 °C, 1 min 60 °C was performed to collect fluorescence data.

All PCR samples were normalized with uninjured nerve mRNA levels and expressed as
fold regulation compared to normal.

3.2.6 Analysis of Selected Genes

To study the difference between a short gap and a long gap nerve injury, targets were
selected based on type of cells, regenerative markers, neurotrophic factors that have shown to
influence nerve regeneration (e.g. stem cell markers, extracellular protein markers and

inflammatory cell and cytokine markers). The molecular profile of short gap and long gap injury
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obtained from RT-PCR data will be used to differentiate the two injuries, and further our
understanding of early events that control nerve regeneration.

3.3 Results and Discussion

3.3.1 Short Gap vs. Long Gap IHC

After 7 days of conduit implantation, we observed the presence of axons near the lesion
site of a long gap injury and beyond the lesion in the short gap injury (Figure 3.2). When a
peripheral nerve is subjected to injury, axons distal to the site of injury undergo Wallerian
degeneration. There is recruitment of macrophages that phagocytose degenerating myelin and
axonal fragments, to the injury site and the distal nerve stump (Hirata et al., 1999). We
investigated the recruitment of macrophages at the proximal nerve stump using IHC techniques
(Figure 3.2). It was observed that the macrophages are confined to the very distal end in the
short gap injury, but an extended region of macrophages was seen in the long gap injury. This
is indicative of difference in immune response between the two injuries, which can be evaluated
using molecular biology techniques. We also observed that multiple layers of cells (DAPI) were
formed in the surrounding tissue at the regenerating end of the nerves. Interestingly, there was
an evident tissue outgrowth beyond the lesion site in the short gap injury, which was absent in

the long gap injury.

36



dVO-1HOHS

DIRECTION OF REGENERATION -

—
o
=z
®
®
>
0

Figure 3.2 Histological evaluation of short gap and long gap proximal stumps at 7 days.
Longitudinal sections were stained with B-tubuluin (axons), CD68 (macrophages) and DAPI
(Nuclei). Dotted line shows the transection site.

3.3.2 Cell Recruitment/Migration Near Proximal Stumps

Nerve injury leads to Wallerian degeneration which requires recruitment of immune
cells for clearing cell fragments and myelin. This process also creates a favorable environment
that promotes growth of axons from the regenerating proximal stump. We observed that a short
gap recruited higher density of cells than a long gap injury as early as 4 days after injury (Figure
3.3). These cells were observed distal to the lesion site inside the lumen of the conduit. This
was investigated because a regenerative response could be linked to the type of cells recruited

at early stages of regeneration.
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Figure 3.3 DAPI stained images of short gap and long gap injury inside the conduit near the
proximal stump. Graph comparing cell density between the two injuries. Data shown as Mean *
SD, compared using Student's t-test

3.3.3 PCR Data Analysis

In peripheral nerves S100p3 is exclusively found in the Schwann cells (Spreca et al.,
1989), which provide growth factors and extracellular matrix proteins (ECM) to promote nerve
regeneration after injury (Shen et al., 2001). We evaluated the expression level of this specific
marker to differentiate the short gap and the long gap nerve injury (Figure 3.4). We observed
that Schwann cells tend to react more rapidly to injury in a short gap than in the long gap by
reducing the expression levels further at 4 days. Denervated Schwann cells undergo

dedifferentiation and down-regulate S-100, which is restored after reinnervation of Schwann
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cells (Magill et al., 2007). We found that the Schwann cells in the short gap readily
dedifferentiate into a more immature state to support regenerating axons, which seems to be

slower in the case of a long gap injury.
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Figure 3.4 PCR data for comparison of resident cells between a short gap and long gap at 4
days and 7 days post-implantation

Endoneurial fibroblasts form a major population of cells in the peripheral nerves, that
are vimentin positive. These cells have been shown to produce nerve supporting growth factors
upon stimulation by macrophage secreted factors (Spreyer et al., 1990). Research shows that
fibroblasts in the peripheral nerves are derived from neural crest stem cells during development
(Joseph et al.,, 2004) and aid in formation of the nerve tissue. Our data shows that the
expression of vimentin is up-regulated in the short gap compared with the long gap as seen in
Figure 3.4, possibly indicating new nerve tissue formation after injury. Altering fibroblast
response in a long gap might induce a more regenerative microenvironment for developing new
nerve tissue.

Regenerating axons navigate to the distal targets using a specialized structure, the
growth cone, which forms the distal tip. Synthesis of growth associated protein-43 (GAP-43) at
the growth cone is elevated during regeneration (Skene et al., 1986; Reynolds et al., 1991). The

expression level of GAP-43 does not vary drastically between the two groups, but there is a
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steady up-regulation from 4 days to 7 days in the short gap injury, suggesting a regenerative
profile (Figure 3.5).

Upon injury, the Schwann cells lose contact with axons, dedifferentiate and acquire a
non-myelinating phenotype. During this process, the myelin basic protein (MBP) mRNA levels
have shown to be down-regulated (Stoll and Muller, 1999), which is similar to what we found in
Figure 3.5. The response to injury in both cases seem to be similar in terms of MBP down-

regulation, suggesting that the Schwann cell dedifferentiation at 4 days follows a similar pattern.
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Figure 3.5 PCR data showing growth associated markers (GAP-43), and myelin associated
markers (MBP)
Nestin, a neural stem/progenitor cell marker (Drapeau et al., 2005), seems to stay
below baseline in both cases showing that these cells may not be playing an active role at early

time point of regeneration (Figure 3.6).
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Figure 3.6 Expression of neural progenitor marker (Nestin) at 4 days and 7 days post-

implantation
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When peripheral nerves are subjected to injury, receptors for brain derived neurotrophic

factor (BDNF) are up-regulated, and play a vital role in axonal growth (Zhang et al., 2000).

BDNF has been used to aid in nerve regeneration (Frostick et al., 1998; Terenghi, 1999;

Wilhelm et al., 2012). Our data suggests that BDNF does not vary between the regenerative

and the non-regenerative condition at 4 days, possibly indicating no controlling effect on

initiation of nerve regeneration (Figure 3.7).
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Figure 3.7 Growth factors that have been shown to aid in nerve regeneration. Expression

difference between a short gap and a long gap injury from PCR data

Glial cell line-derived neurotrophic factor (GDNF) has been used to promote nerve

regeneration (Fine et al., 2002), and has been shown to be a potent survival factor for motor

neurons (Henderson et al., 1994). Our data in Figure 3.7 shows that the expression level of
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GDNF is similar in both groups, suggesting that GDNF might not be a key element at early
stages of regeneration.

Angiogenesis has been shown to play a vital role in nerve regeneration using a highly
specific mitogen for endothelial cells, vascular endothelial growth factor (VEGF) (Hobson et al.,
2000). Other than effects on angiogenesis, VEGF stimulates growth of axons, and enhances
proliferation and survival of Schwann cells (Sondell et al., 1999). We investigated the
expression level of VEGF mRNA in the growth vs. no-growth nerve injury model and found that
a regenerative injury shows up-regulation of VEGF vs. seeing an opposite effect in the non-
regenerative environment (Figure 3.7). A possible role for VEGF in formation of neo-vasculature
is observed in the regenerative gap to provide support to the regenerating tissue.

Pleiotrophin (PTN) belongs to the heparin-binding growth factor family, and it is
expressed around developing axons (Blondet et al., 2005). PTN has been used to enhance
regeneration of myelinated axons, and it is up-regulated in acutely denervated nerve stumps (Mi
et al.,, 2007). However, we found that the PTN mRNA levels are different between the two
groups, but PTN is down-regulated in the short gap condition as compared with the long gap,
where it is up-regulated (Figure 3.7). It is an interesting finding that a growth promoting factor is

down-regulated in the regenerative injury and up-regulated in the non-regenerative long gap

injury.
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Figure 3.8 PCR data showing difference in expression of ECM proteins
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Research suggests that using ECM proteins can alter the response to nerve injury and
enable faster regeneration (Bellamkonda, 2006). Neurites interact with ECM proteins through
integrins, that leads to signal transduction, growth regulation, differentiation and other vital
biological processes (Damsky and Werb, 1992). Two ECM proteins, laminin and fibronectin,
that have been shown to promote nerve regeneration (Wang et al., 1992; Tong et al., 1994)
were studied using our model (Figure 3.8). The mRNA levels were similar in both short gap and
long gap cases. This may have been observed since the ECM proteins are presented at later

stages of regeneration, and not at early regenerative stages.
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Figure 3.9 Data showing difference in immune cell response to short gap and long gap injuries

In the prior section, Figure 3.2 showed that a regenerative nerve injury recruits
macrophages specifically to the lesion site, which is not the case with a non-regenerative
environment. The mRNA levels for CD68 in Figure 3.9 supports the data obtained previously.
The short gap environment, which regenerates, has the ability to recruit exogenous immune
cells to clear fragments and produce growth factors at 4 days. The levels, however, are similar
to a long gap environment at later stages, indicating a delayed response.

M2 macrophages (CD163) support tissue repair, and produce anti-inflammatory

cytokines while reducing destructive microenvironment (Mokarram et al., 2012; Ydens et al.,
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2012). From Figure 3.9, we can infer that wound healing response in a regenerative injury
initiates at early time points, and a non-regenerative injury has a stable response level in the

initial stages after injury.

IFNy IL-10
5+ 2.54
= ®  Long-Gap ™ Long-Gap
44 ® Short-Gap c ® Short-Gap
;;. * 2 204 "
I
53 . E
g . g . .
® ;] [ ] © .
£ u I 1.5
° . )
vy . L= °
] - -
0 . 1.0 .
N N N N
& & @@ C A
> N N N & & & 3
& o & s & & © ©
K 3 3¢ ¢ + 3 < <
¥ " < < o &
<€ < < <

Figure 3.10 Differential expression of cytokines obtained from PCR data.

Interferon Gamma (IFNy) is a potent major histocompatibility complex inducing factor,
and elicits response to axonal damage (Olsson et al., 1989). IFNy expression is elevated during
Wallerian degeneration, and activates a pro-inflammatory phenotype in recruited macrophages
and other immune cells (Stoll et al.,, 2002). IL-10 expression is observed during Wallerian
degeneration, and it may stimulate infiltrating macrophages to produce inflammatory cytokines
(Taskinen et al., 2000). Figure 3.10 shows that the expression of IFNy is varying inversely
between a short gap and a long gap injury at 4 days and 7 days post-lesion. It could be
indicating that the regenerative state of a nerve is enhacned if there is a burst of inflammation at
earlier stages than later stages of injury. IL-10 expression in the short gap is elevated two-fold

above the long gap.
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3.4 Summary

We successfully developed and characterized a growth vs. no-growth nerve injury
model to study nerve regeneration in a well established animal model. The contrast between the
always regenerative state of a short gap injury can be compared with the always non-
regenerative long gap injury in terms of cellular and molecular differences to understand nerve
regeneration. We demonstrated that the signals leading to cell recruitment and proliferation
differ between the two injuries. The use of RT-PCR to compare regenerative vs. non-
regenerative nerve injuries gave us an opportunity to obtain the molecular profile of successful
nerve regeneration. Finally, we found that there is a difference in molecular signature between a
regenerative short gap injury and a non-regenerative long gap injury, that may facilitate control

of nerve regeneration.
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CHAPTER 4
DEVELOPING IMPROVED DECELLULARIZED NERVE GRAFTS
4.1 Introduction

Peripheral nerve injuries are very common forms of traumatic injuries, that can be
reconstructed by end-to-end direct repair if there is no loss of tissue. Nerve grafting is essential
when tension-free end-to-end repair is not possible due to segmental tissue loss (Karabekmez
et al., 2009; Guo et al., 2013). In the clinical settings, reconstruction of nerve gaps is performed
using autografts. Donor site morbidity, formation of painful neuroma, loss of function at the
harvest site and tissue scarring are some of the major limitations associated with the use of
autografts (Katayama et al., 2006). To address the limitations of traditional treatment
procedures, alternative strategies such as the use of decellularized nerve grafts have been
used clinically (Cho et al., 2012; Guo et al., 2013). However, the use of decellularized nerve
grafts have been limited to repair of short nerve defects (Berrocal et al., 2013).

A detergent-free decellularization method for processing nerve grafts was developed
and evaluated for repairing long nerve gap defects (35 mm). We demonstrated that the
detergent-free decellularized nerve was able to support axonal growth over the entire length
and form functional connections with target muscles. The novelty of the processing technique is
the initiation of Wallerian degeneration in vitro, which possibly reduces inhibitory components
and promotes nerve regeneration. Wallerian degeneration forms a growth supportive
environment after nerve injury, and the number of regenerating axons dictates the degree of
functional recovery (Hontanilla et al., 2006). We found that only ~30% of axons regenerated to
the distal nerve stumps using the Decell grafts, which is consistent with clinically used

decellularized nerve grafts tested in rat models (Whitlock et al., 2009).
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The aim of this work was to develop improved detergent-free decellularized nerve
grafts, that can promote better axonal regeneration across a 35 mm long nerve gap injury as
compared with the previously described Decell and Detergent Decell grafts. We hypothesized
that by recapitulating a short gap environment in the long gap condition, initiation of nerve
regeneration can be obtained (Figure 4.1). We carefully selected specific compounds from the
RT-PCR analysis of a growth vs. no-growth nerve injury model and found that these
compounds were effective in eliciting regeneration across a long gap. Since the aim was to
develop improved decellularized nerve grafts, we optimized processing time to eliminate cellular
components and removed inhibitory CSPGs to facilitate nerve regeneration. We also tested the
improved decellularized nerve grafts supplemented with selected compounds that induced
nerve regeneration across a long gap. The improved grafts were found to be better than the
previous Decell grafts and one of the compound supplemented grafts showed robust

regeneration and was comparable to unprocessed nerve graft.
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Figure 4.1 Schematic representation of the hypothesis
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4.2 Experimental Section

All animal procedures were performed as per approved Institutional Animal Care and
Use Committee (IACUC) protocols at the University of Texas Southwestern Medical Center at
Dallas, Texas. Rats were anesthetized using intraperitoneal (IP) injection of drug cocktail
containing ketamine hydrochloride (75 mg/kg) and dexmeditomidine hydrochloride (0.5 mg/kg),
and euthanized using IP injection of sodium pentobarbital (120 mg/kg). Subcutaneous injection
of buprenorphine (Buprenex) and chewable tablets of carprofen (Rimadyl) were placed in the
cage for post-operative analgesia.
4.2.1 Selection of Potential Pro-Regenerative Compounds

From the PCR analysis of our growth vs. no-growth nerve injury model, we selected
three compounds to test regeneration across a critical nerve injury. All compounds were
purchased from Tocris Biosciences, UK. Compound A, Compound B and Compound C were
chosen.
4.2.2 Enhancing Regenerative Nerve Injury

To study whether a regenerative injury can be improved by supplementing the conduits
with selected compounds, we used a 8 mm gap defect (12 mm tube length, n=3 per group) and
individually tested all three selected compounds. We mixed the compounds with 3D collagen
gel that is used as a carrier and evaluated regeneration at 6 weeks. To evaluate nerve
regeneration, quantitative histomorphometry was performed on distal nerve stumps as
described in section 2.2.11.
4.2.3 Nerve Regeneration Across Critical Gap

We used a 20 mm gap (25 mm conduit length, n=6 per group) length to test the ability
of selected compounds to elicit nerve regeneration across a critical gap. Compounds were
mixed with 3D collagen used to fill the lumen of conduits. Conduits were implanted across the

right sciatic nerve transected at mid-thigh level. Animals were harvested at 16 weeks after
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implantation to analyze nerve regeneration in the distal nerve stumps using quantitative
histomorphometry.
4.2.4 Improved Decellularized Nerve Grafts

To optimize detergent-free decellularized nerve grafts that can improve nerve
regeneration, we tested multiple culture medium and degeneration techniques that induced
efficient myelin degradation. Other factors taken into consideration include mechanical integrity
for implantation and internal architecture for supporting axonal growth. This protocol describes
the most effective condition, that we used for processing nerve grafts.

Sciatic nerves were harvested from donor rats as described in section 2.2.1, and
sutured onto rubber holders to retain length during processing. For in vitro Wallerian
degeneration, nerves along with rubber holders were transferred into 15 ml conical tubes
containing 7 ml DMEM10, and cultured for 3 weeks (37 °C and 5% CO,) under constant
agitation. During this time, 3 ml medium was replaced with 3.5 ml fresh medium every 3 days to
replenish nutrients. Decellularization was achieved by replacing DMEM10 with PBS and
agitating for 1 week in a cell culture incubator. To remove inhibitory CSPG from the
decellularized nerve grafts, grafts were immersed in PBS containing ChABC (2 units/ml) for 16
hr 37 °C inside a cell culture incubator as described elsewhere (Neubauer et al., 2007). Finally,
the nerve grafts were washed in PBS 3 times for 15 min each to eliminate any residual ChABC,
and stored at 4 °C until engraftment.

The decellularized nerve grafts obtained by the modified detergent-free processing
technique will be referred to as iDecell (improved Decell) grafts.

4.2.5 Ultra-Structural Evaluation of iDecell Grafts

TEM was used to study myelin architecture in the iDecell grafts. To study the

importance of DMEM10 processing, we prepared control grafts that were agitated in PBS for 4

weeks in a cell culture incubator.
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Samples of processed nerves were immersion fixed in 3% glutaraldehyde and post-
fixed in osmium tetroxide, followed by embedding in Araldite 502. Ultra-thin sections were cut
and stained with uranyl acetate-lead citrate solution. High magnification images were obtained
to study components of nerves.

4.2.6 IHC Analysis of iDecell Grafts

Endoneurial tubes after processing were observed by fixing samples in 4%
paraformaldehyde followed by embedding and cryosectioning. Cross-sections were blocked
with 4% goat serum and stained with mouse anti-laminin B2 gamma 1 (D18) primary antibody,
and goat anti-mouse Alexa Fluor 488 secondary antibody. Images were taken for qualitative
analysis.

4.2.7 Evaluation of Myelin Clearance in iDecell Grafts

After DMEM10 processing for 3 weeks to induce in vitro Wallerian degeneration,
samples of nerve grafts at day 0 in PBS, 3.5 days in PBS and the last day (day 7) in PBS were
fixed in 4% paraformaldehyde. Cross-sections were cut in a cryostat and stained with
FluoroMyelin (Invitrogen, USA) stain. For comparing the rate of myelin degradation, uninjured
sciatic nerve cross-sections were used as a control.

4.2.8 Rate of Decellularization in iDecell Grafts

The 1 week PBS processing step is used to cut-off nutrient supply and induce apoptosis
in the cells that were effectors of in vitro Wallerian degeneration. To study the effectiveness of
this process, we stained nerve samples obtained in section 4.2.7 with DAPI to determine cell
density. Uninjured nerve sections served as control.

4.2.9 TUNEL Assay for Detecting Apoptosis in iDecell Grafts

To study the state of cells that are remaining after completing the detergent-free

decellularization process, DeadEnd™ Fluorometric TUNEL System (Promega, USA) was

performed to look at apoptotic cells.
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4.2.10 Experimental Setup

Regenerative potential of iDecell grafts was evaluated with and without supplemented
compounds selected from PCR data. Sixteen rats (male, Lewis, 250-300 g) were randomly
assigned to four groups: (1) iDecell (n=4), (2) iDecell + Comp A (iDecell grafts with Compound
A, n=4), (3) iDecell + Comp B (iDecell grafts with Compound B, n=4) and (4) iDecell + Comp C
(iDecell grafts with Compound C, n=4). To test whether the selected compounds were
applicable to a critical nerve defect of 35 mm, iDecell grafts for Groups 2, 3 and 4 were
immersed for 3 days in PBS containing respective compounds before implantation. At the time
of implantation, Grafts were trimmed to 35 mm length and inserted into 3 silicone collars (7 mm
length, ~2.5 mm ID) placed at proximal, mid and distal regions of the grafts and loaded with 3D
collagen gel containing respective compounds. The collar was removed after the collagen
solidified, leaving the collagen containing compounds secured to the graft surface. The iDecell
grafts received collagen only.
4.2.11 Implantation and Harvest

All animal surgeries were performed as described previously by the same surgeon to
obtain consistent results. Briefly, right hind limb of male Lewis rats were shaved and sterilized
using alcohol pads and betadine. Sciatic nerve was exposed by mid-thigh muscle splitting
approach and transected before trifurcation. Long-nerve grafts were looped around the anterior
head of biceps femoris muscle as described earlier and secured in place using fibrin glue
(Baxter, USA). Wounds were closed and regeneration across the new grafts were evaluated at
12 weeks post-implantation.
4.2.12 Evaluation of Nerve Regeneration

Muscle function tests were performed at 12 weeks post-implantation as described in
chapter 2. Tetanic specific tension and wet muscle mass was used to evaluate reinnervation of

gastrocnemius muscle.
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To study axonal growth in the distal nerve stumps, quantitative histomorphometry was
performed as described previously. Axon count, myelin width and fiber distribution were used as
the parameters for comparison of nerve regeneration.

4.2.13 Statistical Data Analysis

Results were analyzed using Student's t-test between two groups with P< 0.05.
Multiple groups were compared using one-way analysis of variance (ANOVA) with P< 0.05 and
Newman-Keuls Post-hoc method was used for pairwise comparison (Statistica 4.5). Data is
presented in terms of mean * standard deviation (SD) if not specified.

4.3 Results and Discussion

4.3.1 Enhancing Regenerative Nerve Injury

To study whether the compounds selected from PCR data can be used to make a
regenerative short gap injury better, we implanted silicone conduits with collagen containing
Compound A (Comp A), Compound B (Comp B) and Compound C (Comp C). We found that
Comp A group regenerated significantly higher number of axons in the short gap than the
control group (silicone tube only). Although there were larger number of axons in the Comp B
and Comp C groups, there was no significant difference as compared with control group (Figure
4.2). This experiment shows that there is still room for improvement in a regenerative condition,

which can prove to be useful in clinical settings.

TOTAL AXONS
10000 10000 10000
- H g
o P<0.05 ] ]
x 4 4
< < <T
S 5000 S 5000 S 5000
g g g
= = =
0 0 0
S \s & @ <
& & & & Q\‘D &
[$) rid [ [d ® o

Figure 4.2 Improving short gap nerve injury using luminal delivery of selected compounds.
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4.3.2 Initiating Regeneration Across a Long Gap

Regeneration across a 20 mm gap was achieved by individually testing all three
compounds in the lumen of a silicone tube conduit. Axon counts of regenerated distal nerves is
seen in Figure 4.3.

Historical controls show that the regeneration of myelinated axons in a 20 mm gap
loaded with collagen filler extends only 4 mm beyond the proximal end (Madison et al., 1988).
By using compounds selected from the PCR analysis, we were able to elicit regeneration into
the distal nerve stumps. This model proved useful to test the role of selected compounds in
inducing nerve regeneration across a critical defect. The enhancement of regeneration can be

further tested in longer injury models that are discussed later in this work.
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Figure 4.3 Regeneration across a 20 mm nerve gap using Comp A, Comp B and Comp C
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4.3.3 TEM Analysis of iDecell Grafts

Figure 4.4 TEM images of (a) PBS treated grafts and (b) iDecell grafts. Scale bar 5 um.

Effect of in vitro Wallerian degeneration on myelin and cellular components was
analyzed using TEM. Myelin sheath in PBS only treated group (control) remained fairly intact
and presence of cellular components can be seen (Figure 4.4a). iDecell grafts show improved
myelin breakdown and lack of axonal components and nuclei, suggesting that the optimized
detergent-free decellularization technique was effective (Figure 4.4b).

Survival of Schwann cells in the grafts during 3 week in vitro Wallerian degeneration
plays an important role in cell-mediated myelin degradation, that is essential to obtain a
regenerative environment in the iDecell grafts. The new process seems to provide better effect
on myelin clearance as compared with initial processing, while retaining the mechanical
properties required during implantation and regeneration.

4.3.4 Internal Structure of iDecell Grafts

Laminin staining of iDecell grafts shows defined endoneurial tubes as seen in Figure
4.5. In comparison, Schwann cell basal lamina tubes are only partially intact in detergent
processed nerve grafts, but an ideal nerve graft should have intact endoneurial tubes to support

nerve regeneration (Whitlock et al., 2009). Detergent-free decellularization technique presented
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here shows advantages over detergent processed grafts in maintaining internal nerve

architecture.

Figure 4.5 (A) Laminin staining of iDecell graft cross-sections showing endoneurial tubes. (B)

Laminin staining of detergent processed grafts. Scale bar 20 um (Whitlock et al., 2009).
4.3.5 Myelin Clearance and Decellularization
The detergent-free decellularization process showed substantial reduction of myelin
after in vitro Wallerian degeneration (Figure 4.6). It was found that the fluorescence intensity of
myelin staining was absent after 3.5 days in PBS. These results suggest that Schwann cells
inside the nerve grafts were able to degrade myelin substantially after 3 weeks in DMEM10. The
decellularization graph shown in Figure 4.6 suggests that by agitating and replenishing medium,

cell survival inside nerve grafts is achieved.
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Figure 4.6 Characterization of myelin clearance and decellularization in iDecell grafts

Results of decellularization process demonstrates that by abruptly eliminating nutrient
supply, a rapid reduction of cell density can be obtained (Figure 4.6). Even though there is a
significant reduction of cells in the iDecell grafts at the end of processing, presence of cellular
nuclei was observed. Longer PBS processing might be used to completely eliminate cellular
contents from the nerve grafts.
4.3.6 Apoptotic Cells in iDecell Grafts

We found that there are some DAPI positive cells after 3 weeks in DMEM10 and 1
week in PBS. To test whether these cells are apoptotic, TUNEL staining was performed (Figure
4.7). We found that majority of nuclei in the grafts were TUNEL positive and can be eliminated

upon implantation or by further PBS processing.

56



Figure 4.7 TUNEL staining of iDecell grafts after processing is completed. DAPI (blue) and

TUNEL (green). (a) iDecell nerve grafts. (c) TUNEL positive signal from region selected by (b).

(d) DAPI showing nuclei in region (b). Scale bar 50 um.

4.3.7 Analysis of Functional Muscle Reinnervation

The aim of this project was to improve regeneration across a long gap using detergent-
free decellularized nerve grafts. Optimization of previously used processing technique yielded
iDecell grafts, that were used with or without compounds to enhance nerve regeneration.

All the groups tested had recovery of muscle function. iDecell had function in 50%
cases, similar to original Decell group at 12 weeks post-implantation. iDecell + Comp C group
had function in 75% of cases and some animals showed stronger tetanic tension as compared
with iDecell group. There was no significant difference between iDecell and iDecell + Comp C
groups in terms of tetanic specific tension and wet muscle mass (Figure 4.8). It is important to
note that by delivering COMP C along with iDecell grafts (iDecell + COMP C grafts), we could

increase the number of animals with functional muscle recovery.
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Figure 4.8 Tetanic specific tension and wet muscle mass comparison between iDecell and
iDecell + Comp C group.
4.3.8 Quantification of Nerve Regeneration
All the iDecell grafts (with and without supplemented compounds) showed regeneration
(100% regeneration), which by itself is a huge improvement from the previous work. Bright-field
images of distal nerve stumps show that the axon regeneration in the iDecell + Comp C group
was higher as compared with other groups (Figure 4.9). Thicker fibers were also observed

along with thinner myelinated fibers in the iDecell + Comp C group.
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Figure 4.9 Bright field images showing regeneration in the distal nerve stumps of (a) iDecell +

Comp A, (b) iDecell + Comp B,(c) iDecell + Comp C and (d) iDecell. Scale bar 5 pm.

We compared total axons, myelin width and fiber distribution among all treatments
(Figure 4.10). iDecell + Comp C group showed significantly higher number of axons in the distal
nerve stump. There was no significant difference in myelin width between groups, which
indicates maturity of myelination was comparable among all regenerated groups. Fiber
distribution data shows presence of >8 um fibers only in the iDecell + Comp C group, possibly

due to faster nerve regeneration and maturation.
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Figure 4.10 Histomorphometry comparison between groups showing total axons, myelin width
and fiber distribution in the distal nerve stump.
We compared the iDecell and iDecell + Comp C groups with Decell group to see if the
optimized processing technique improved nerve regeneration. The iDecell had about twice as
many axons as compared with the Decell control group. iDecell + Comp C grafts had

significantly higher number of axons in the distal stump (Figure 4.11).
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Figure 4.11 Axonal count comparison between Decell Control, iDecell and iDecell + Comp C

Finally, iDecell + Comp C group was compared with the positive control (Unprocessed
nerve graft) from Chapter 2. The iDecell + Comp C group showed robust nerve regeneration
comparable to that of an unprocessed nerve graft as shown in Figure 4.12. This result is very
encouraging as the decellularized nerve grafts supplemented with Comp C have comparable
amount of regeneration to the clinical "gold standard". The data obtained from iDecell + Comp C
group is promising and expands the opportunity to try other compounds to improve long gap
regeneration using iDecell grafts.
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Figure 4.12 Comparison of axon count between Unprocessed nerve graft and iDecell + Comp C

group
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4.4 Summary

In summary, the detergent-free decellularized nerve graft presented in this work proved
to be superior to the current state of art (detergent-processed nerve grafts), but still inferior to
the gold standard (unprocessed nerve grafts). We have developed an optimized detergent-free
decellularization method to obtain nerve grafts with structural and biological properties
necessary for nerve regeneration. We demonstrated that the decellularized nerve grafts
successfully promoted functional nerve regeneration across a 35 mm long gap defect. We also
showed that drug-supplemented decellularized nerve grafts (iDecell + Comp C) regenerated
more than twice the number of axons compared to the unsupplemented grafts (iDecell), and
had statistically equivalent results to unprocessed nerve graft "gold standard". Overall, our work
demonstrates that optimization of decellularization protocols combined with rational selection of
drug supplements can elicit functional nerve regeneration, comparable to that of an

unprocessed nerve graft.
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CHAPTER 5
CONCLUSION AND FUTURE OUTLOOK
5.1 Summary

The goal of this research project was to develop detergent-free decellularized nerve
grafts for reconstruction of long gap nerve defects. We developed a detergent-free
decellularization technique based on in vitro Wallerian degeneration and obtained functional
regeneration across a 35 mm long gap injury. Despite having regeneration across a previously
untested injury using decellularized nerve grafts, limited axonal growth required further
exploration to improve nerve regeneration. We developed a growth vs. no-growth nerve injury
model that allowed us to study the difference in molecular signature between a regenerative
and a non-regenerative injury, which was used to rationally select compounds that would aid
nerve regeneration. Using the newly described molecular profile, we selected three such
compounds that enhanced axonal growth in regenerative settings and promoted nerve
regeneration across a critical nerve injury. To improve regeneration in detergent-free
decellularized nerve grafts, we optimized the processing technique and examined nerve
regeneration with or without supplementing compounds that enhanced nerve regeneration. We
successfully demonstrated that one of the three compounds, when delivered along with the
improved detergent-free decellularized nerve grafts, promoted regeneration comparable to the
clinical gold standard. The work presented here has numerous advantages over existing
detergent processed grafts and has high potential for clinical use.

5.2 Limitations and Future Work

The research presented here has potential for use in clinical settings, but there is still
room for improvement before implementation in real case scenarios. We have planned longer

time point studies for definitively comparing functional recovery in all the implanted groups. To
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evaluate the immunogenic properties, xenograft models have to be tested. To date, a sustained
delivery mechanism to deliver selected compounds has not been tested, and future studies will
be performed by using multiple drug delivery systems for sustained drug delivery. Finally,

confirmation of the results in a large animal model is necessary prior to introduction to the clinic.
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