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Abstract

Peripheral nerve injuries can leadatanajor loss of function and affect quality of

life. Current autologous treatments arahenercially available products such as
nerve guide conduits all have limitations. The aim of this study was to develop
biocompaible, norimmunogenic nerve grafts using low concentration SDS to
decellularise porcine peripheral nerves. Initially the porcine nerve anatomy was
defined. Acellular nerves were then used aslthsis for anin vitro study of
perfused flow within the tissufor the introduction of Schwann celsas the
delivery of these cells is reported to stimulate axon regeneration. Furthermore, an
in vivo study using a rat sciatic nerve injury model was conducted to evaluate the
regenerative capacity of acellular poreigrafts.

Histology confirmed an absence of cells and retention of the native nerve
histioarchitecture. DNA levels were reduced by >95 % throughout the
decellularised tissue. Immunohistochemistry showed retention of important
extracellular matrix protes such as collagen, laminin and fibronectm.vitro
biocompatibility studies indicated the acellular nerves were not cytotoxic to human
dermal fibroblasts and primary rat Schwann cells. Uniaxial tensile testing showed
a significant increase in ultimatensile strength (UTS) and strain between native
and acellular nerve tissues. In addition, mechanical testing of the nerves revealed
porcine peroneal nerves to have a higher UTS value in comparison to the porcine
tibial nerves. Analysis of the nerves usitrgnsmission electron microscopy
concluded that the mechanical properties of nerves could not be determined
exclusively by their ultrastructure or collagen fibril diameter.

Porcine acellular nerve grafts were used as aitro andin vivomodel for
theintroduction of primary rat Schwann celldhein vitro nerve model confirmed
that reseeded Schwann cells under perfusion maintained their phenotype and had a
lower rate of cell death when compared to static conditidmat sciatic nerven
vivogap injuy model demonstrated that porcine grafts were able to promote axonal
regeneration; however, they were not as effective as the autologous graft. In
summary, acellular peripheral nerve tissue was found to have excellent potential

for development of a tisswengineered graft to aid peripheral nerve regeneration.
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€M micromolar

€ mmicrometer

2D two dimensional
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ADSCsadiposederived stem cells
ANOVA Analysis of variance

BSA Bovine serum albumin
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DNA Deoxyribonucleic acid
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1. Introduction
Injuries to the periphral nerves are common and debilitating, affecting 2.8 % of

trauma patientfNoble, Munro et al. 1998Whilst the capacity of regeneration is
a possibility,any defect size greater th& 10 mm often results ingor functional
recovery(Pfister, Gordon et al. 2011)

For treatment of larger gap injuriegstalogous nerve grafts acensidered
t he A gol dhowetenlmdationgd af this technique include donor site
morbidity andthe need for multiple surgerieResearch into peripheral nerve
regeneration has therefore focusedhe use of alternative treatments in the form
of nerve guide conduits (NGC) and acellular grafts, with Fbed and Drug
Administration (FDA) and ConformiEurope (CE)approvinga relatively small
number of NGCs (manufactured from naturally derived or synthetic matemicl)
acellular graftsfor clinical peripheral nerve repa{Kehoe, Zhang et al. 2011,
Kehoe, Zhangt al. 2012)

Clinical datademonstrateshat NGC have the ability to promote nerve
repair up to 25 mm however drawbacks include toxic degradation products, lack of
mechanical properties and overall limited efficacy in nerve regeneration compared
to aublogous nerve grafi@Veber, Breidenbach et al. 200Q)is postulated that a
reason for the NGCs limited efficacy in nerve regeneratiats isck of surface
topography such as the extracellular matrix (ECM) and basal lartina.
hypothesisedthatu bst r ate topography playyg, a signi )\
behaviour, and ceBubstrate interaction, as well as a@ll interactiongSpivey,
Khaing et al. 2012)

Use of cadaveric or donor nerve tissues can provide an ECM that mimics
the native nerve tissue as well as offering gwential for size/length and
motor/sensory specificittMoore, MacEwan et al. 20LI)hese grafts contain an
endoneurial microstructurand ECM componentwshich can providethe same
level of guidance and regengva support as nerve autograffBhe immunogenic
components from theélonor nerve graft can be removed through a processing
condition called decellularisation to produce a-+mmunogenic acellulanerve
graft.

AxoGen Incis the only medical device commawhich offers comercially
available acellular allografts fgeripheral nerve regeneration, #eancé Nerve

Graft. Avanc€ utilises the decellularised ECM from donated human peripheral



nerve tissuavhich has been processed usimganbination of tratments including
chemical decellularisation (detergent processing) to selectively remove cellular
components and debris

Clinical studies have shown the Avarftegraft surpassing the NGCs in
terms of nerve regeneration and myelinat{@vhitlock, Tuffaha et al. 2009)
Nonethelesshe acellular graft does haits limitations. The use of human nerve
donor tissuas fraught with complications in terms of gaining approval and. cost
Furthermoreclinical studieshave showrthat theAvancé® graft only supports
nerve regeneration over limited distan¢es to 60 mm)SahebAl-Zamani, Yan
et al. 2013) Moreover,when compared to native neragtografts the Avanée
graft still only possesse@duced regenerative capacit{gghitlock, Tuffaha et al.
2009)

Il n recent yearsd focus has shifted
or grafts due to eaf harvesting and availability. The use of xenogeneic material
has been used in a variety of biomedical applications such as heart(Badods
Korossis et al. 2002)nd Matristen® for ulcer repair¢Badylak and Gilbert 2008)

In addition, aellular xenogeneic nerve tisstrem rat, rabbit and pigsave been
widely usel for peripheral nerve studid&Sutmann and Sanders 1943, Osawa,
Tohyama et al1990, Hudson, Liu et al. 2004, Whitlock, Tuffaha et al. 2009,
Zhang, Luo et al. 2010)

The limited regeneratioreported in the Avanc®graft is most likelydue
to the grafts dependency @msitu Schwan cells to support axonal regeneration
(Moore, MacEwan eal. 2011) Schwann cellplay a crucial role in supporting
axonal growth and migration. Following injury, these cells become activated,
undergoing a phenotypic change from myelinating to growth supportive to help
lead regenerating axons towards the tierve stump. It has therefore been
hypothesised that the repopulation of the grafts with Schwann cells can help
improve axorregeneratioras well asextendng the workable length of acellular
grafts (Hadlock, Sudback et al. 2001, Zhang, Blain et al. 2002, Chang, Hsu et al.
2005)

This study describes the development of an acehalaogeneinerve graft
through the combination of physical, chemical and enzymagimcessess.

Furthemore the study details timroduction ofprimary Schwann cells within the



graft for the study ofell-graft behavioum vitro andperipheral nerve regeneration

in vivo.

1.1 Physiology of the nervous system
The nervous system is one of the most highly organised systems within tae hum

body, integrating various bodily processes and reactions of the organism to its
environment. It is subdivided into the central nervous system (CNS) and peripheral
nervous system (PNS), both differing in their physiology and function. The CNS

is the larg@r system, comprising of the brain and spinal cdite CNS conducts

and interprets signals as well as providing stimuli to the EB@¢8midt and Leach

2003) The PNS comprises a vast network of spinal and araxa@rves that are

linked to the brain and the spinal cord receptors. The function of the PNS is to help
process changes in the internal and external environment through sensory receptors
that informs the CNS of the stimuli and motor neurons running fraCONS to

the muscles and glan@oback 2005)

Sensory neurons Sensory neurons

Central
Internal External

Nervous

Environment Environment

Motor neurons Motor neurons

Figure 1.1 Schematic depiction of how the CNS and PNS work together to process changes in
the environment through sensory ad motor neurons. Adapted from Huang and Huang (2006)



1.2 Cellular components of the nervous system
Cells of the nervous system can be divided into two broad categories; nerve cells

(or neurons) and supporting cells, neuroglia or glia. Neurons are spetidis
electrical signalling over long distances. Glial call$ the function of neurons and
include astrocytes, microglial and oligodendrocytes in the CNS and Schwann cells
in the PN§Purves 2004)

Neurons are the basic structural and functional elements of the nervous
system, consisting of a cell body (soma) and its extensions (axons and dendrites).
The cell body contains the nucleusdasrganelles of the cells, dendrites transmit
electrical signals to the neuron cell body and the axon conducts impulses away.
The axon usually ends in several small branches known as the axon terminals.
Neurons are often connected in networks; howevey, tiever come in contact
with one another. The axon terminals of one neuron are separated from the
dendrites of an adjacent neuron by a small gap knowrsasapse.

The electrical impulse moving through a neuron begins in the dendrites.
From there, it pags through the cell body and travels along the axon. When the
electrical impulse reaches the synapse at the end of the axon, it causes the release
of specialised chemicals known asurotransmittetsThese neurotransmitters
carry the signal across the spsa to the dendrites of the next neuron, starting the
process again in the next célleurons cannot divide by mitosis; however, they can
regenerate a severed portion or sprout new processes under certain conditions

Neuroglia or glial cells are the mogbumdant cell types, outhumbering
neurons by a ratio of 3 to 1 in the brain. They are in direct contact with neurons,
often surrounding them, unlike neurons, glial cells have some capacity for cell
division(Huang and Huang 200@3Roles of glial cells include maintaining the ionic
gradient of nerve cells, modulating the rate of nerve cell propagation, modulating
synaptic action by controlling the uptake of neurotnaitters, providing a scaffold
for neural development and aiding (or impeding in some cases) recovery from

neural injury.



1.2.1 Cellular components of the CS
In the CNS there are three types of glial cells; astrocytes, oligodendrocytes and

microglial cdls. Astrocytes, which are restricted to the brain and spinal cord,
maintain an appropriate chemical environment for neuronal signalling. Microglial
(immune) cells are primarily scavenger cells that remove cellular debris from sites
of injury or normal cdlturnover. In addition, these cells secrete cytokines that
modulate local inflammation and influence cell survival or apoptosis.
Oligodendrocytes lay down a lipiich sheath called myelin around specific axons.
The myelin sheath acts as an electricaulator, preventing shedircuiting
between axons as well as increasing the propagation velocity of the nerve impulse,
which is vital for those axons that extend long distances (up t@)}&chmidt and
Leach 2003)The nodes of Ranvier are the only points where the axon is uncovered
by myelin and ions of Naand K can be exchanged between it and the extracellular
fluid. Depolarization of the axonal membrane at the nodes of Ranvier boosts the
action potential thats transmitted along the axon and is the basis of jumping

conduction.

1.2.2 Cellular components of the PNS
In the PNS, sheaths of Schwann cells surround all axons. Schwann cells enclose

and separate unmyelinated nerve fibres from each other as svplioducing
myelin sheaths which wrap around large diameter axons of all motor neurons and
some sensory neurofiBigure 1.2)

Myelinated axons are enclosed by many layers of compacted Schwann cell
membranes, which form the myelin sheath, whereas unmiedirexxons retract
into grooves in the Schwann cell cytoplagiharavilla and Bowen 1998Fach
myelinating Schwann cell associates with a single aawh creates the myelin
sheath necessary for salutatory nerve conduction-rialinating Schwann cells
are associated with smallameter axons of@bres emanating from marsgnsory
and all postganglionic sympathetic neurons. Eachmygealinating Schwann cell
wraps around several sensory axons to form a Remak bundle, keeping individual
axons separated by thin extensions of the Schwann cell(badias,Velardez et
al. 2004).

In the CNS, oligodendrocytes make multiple segments of myelin that wrap
around many axons. In contrast, in the PNS each Schwann cell makes only one

segment of myelin. This is a reason why peripheral myelin regenerates more



efficiently. On the outer surface of the Schwann cell layer is a continuous basement
membrane, neurilemma. Unlike CNS glial cells, Schwann cells secrete collagen,
laminin and fibronectin (extracellular adhesive proteins). These proteins are the
main constituentof the basal and basement lamina that surrounds the cell
membrane of axons.

Schwann cells have many important functions in the peripheral nerve
including aiding the conduction ohervous impulsesalong axons nerve
development ancegenerationtrophic support foneuronsproduction of the nerve
extracellular matrix (ECM), modulation of neuromuscular synaptic activity, and

presentation odntigengo T-lymphocytes

Schwann cell nucleus

Nucleus Cytoplasm

Myelin sheath Neurilemma sheath

Axon
’/‘ Vl\\/‘_——?‘l‘/‘\
@ L Myelin
} Soma ’I\
Node of L Axon
/\ Ranvier
Dendrites

Cross section

Figure 1.2. Schematic representation of a Schwann cell. Peripheral motor neuron cell body
and a cross section of the neuron.

1.3 Anatomy of the newous system: spinal cord and peripheral
nerve

1.3.1 Anatomy of the spinal cord
The spinal cord is composed of dendrites, axons and cell bodies. The centre of the

spinal cord is referred to as the grey matter containing neurons, glial cells and blood
vesses. The grey matter is surrounded by white matter which helps protect and
insulate the spinal cord. White matter consists of axons, oligodendrocytes,
astrocytes and microglia. Axons project from the white matter in fascicles which
exit the encasing bone thfe spinal column, travel through the RESIS transition

zone and enter the PNS. The transition zone is a region where the glial cells in the
CNS are separated from those in the PNS.


http://en.wikipedia.org/wiki/Action_potential
http://en.wikipedia.org/wiki/Axon
http://en.wikipedia.org/wiki/Nerve_regeneration
http://en.wikipedia.org/wiki/Neuron
http://en.wikipedia.org/wiki/Antigen
http://en.wikipedia.org/wiki/T-lymphocytes

1.3.2 Anatomy of the peripheral nerve
Peripheral nerves consist of motord sensory axons bundled together by support

tissue into an atomically defined trunk. Each peripheral nerve consists of axons,
Schwann cells, myelin sheath and connective tissue (endoneurium, perineurium
and epineurium). Connective tissue encases thesiéo ensure flexibility as well

as protecting the nerves from stretch and compression forces during body

movementEigure 1.3)

Epineunum

Pernneurium

Endoneunum

Figure 1. 3. Anatomi cal overview of t he PNS.
A.D.A.M. Anatomy (Maki 2009)

The endoneurium is the innermost component of the peripheral nerve sheath with
Schwann cells being the most predominant cell type. The endoneurium also
contains to a lesser extent fibroblasts, endothelial cells, macrophages and mast cells
in addition b the collagen fibres and capillari@@ausey and Barton 1959)he
perineurium consists of alternating concentrically arranged layers of flattened
perineurial cells and collaggBunge, Wood et al. 1989)hese layers are each
enclosed by basal lamina and separated by spaces housing capillaries, collagen
fibrils and elastic fibore§Thomas and Jones 1967)

The perineurium enclose individual fascicles of nerve fibres and function
as a diffusion barrier to theowement of ionic compounds and macromolecules
between nomeural tissues and the endoneurigldovskaya, Alekseeva et al.
2007) The epineurium, an outer sheath of loose connective tissue containing
fibroblasts, collagen and fat, binds indival nerve fascicles into a nerve trunk.

Peripheral nerves are vascularised by capillaries within the connective tissue of the

Figur



nerve trunk or by vessels that penetrate the nerve from surrounding arteries and
veins(Schmidt and Leach 2003)

1.3.3 Peripheral nerve extracellular matrix (ECM)
The basal lamina and ECM are the fa@tlular components of the nerve tissue that

along with Schwann cells and axons comprise the endoneurium and form nerve

fascicles. The basalra@na is a Schwann cell product consisting of continuous

l aminin tubes (~10em diameter) embedded wi
lamina also contains fibronectin, collagen type IV and V, heparin sulphate
proteoglycan, tenascin and entactin, all ofalibhelp promote axonal outgrowth

(Weinstein 1999)

Figure 1.4.lllustration and transmission electron microscopy (TEM) imageof a crosssection
of a peripheral nerve. The TEM image is of a rat sciatic nerve; Axons (A), Schwann cells (SC),
blood vessels (BV) and an extracellular matrix (ECM) are held within the nerve by the
epineurium (E). Schwann cells wrap around individual axas to form myelinated axons (MA).
The ECM includes the epineurium, basal laminae (BL), and the interstitial endoneurium.
Basal laminae surround myelinated axons, and the interstitial endoneurium provides
structural support between the basal laminae. Reprogced from Hudson, Liu et al. (2004)


http://www.sciencedirect.com/science/article/pii/S0142961212002487#gr2

The ECM is a highly dynamic three dimensional network represented by
the secreted products of resident cells (i.e. Schwann cells) such as proteins,
glycoproteins and proteoglycari$ie ECM provides structural suppéot tissues,
cell layers and individual cells as well as fundamental cell processes such as cell
growth, adhesion, migration, proliferation, differentiation and gene expression
(Gao, Wang et al. 2013y sensing different environmental stimuli and providing
specific inputs to the surrounding cells. In addition, the ECM captures a wide range
of cellular growth facts so changes in the physiological conditions and specific
stimuli can trigger the local release and activation of those fathoitse PNS the
three dimensional ultrastructure, surface topology and composition of the ECM
provide precise guidance for axamregenerationln peripheral nerve tissue, the
important ECM components include collagen types I, I, IV and V, laminin,
fibronectin and chondroitin sulphate proteoglycans (CSKGap, Wang et al.
2013)

Collagen is a structural protein and is the main ECM constituent found in
all three connective tissue layers within the PN&lagen type | and Ill together
corstitute approximately 49% of total protein in the ner{igsnge, Bunge et al.
1989) The collagenous matrix surrounds and protects individual axons and their
Schwann cell sheaths from traurftaindborg 2004)In the PNS, two classes of
collagen molecules are expressed,; fibril forming collagens (type I, lll, and V) and
basement membrane collagens (type(Kfopmans, Hasse et al. 200€@pllagen
I, the most predominant collagen in the human body, is localised primarily in the
epineurium whilst collagen Il ipcated within the endoneurium and perineurium.
Collagen V celocalises with both collagen I and Ill, however it is also present
the basal lamina, enveloping myelinating Schwann ¢€llernousov, Rothblum
et al. 2006)

Whilst the bulk of fibril forming collagen is synthesized by fibroblasts,
Schwann cells andgpineurial cells secrete the réhbrillar type IV collagen of the
basal laminaCollagen IV is an important structural component of basement
membranes, integrating ECM proteins such as laminin and perlican into a stable
supramolecular aggregdatdudson, Reeders et al. 199®)ing the outer aspect of
endoneurial capillariess well asurrounding the processes of Schwann cells and

perineurial cellfAlovskaya, Aekseeva et al. 2007)
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Laminins are glycoproteins, existing with the endoneurium and
perineurium of the peripheral neryPalm and Furcht 1983jorming a major
structurdelement of the basement membrane, the basal Igfim@l| 1996) They
are produced by Schwann cells and are distributed along the cell sunfece i
continuous band. Evidence suggests that Schwann cells require the formation of an
organised basal lamina to properly ensheath and myelinate étnemski,
Johnson et al. 19). Laminin plays many roles within the PNS including
promoting neurite outgrowth and surviv@tdgar, Timpl et al. 1984%uch as
laminin2 (U2blol)-8ant2baminj nwhich are |
nerve development and are upregulated for axonal regeneration after injury
(Wallquist, Patarroyo et al. 2002)aminin also act as a ligand for cell surface
receptors (e. g. -dystralgan), thamebpy,inititiegsignals that a n d
influence cell behaviour and survivéchwartz 2001)such as cell adhesion
(Nomizu, Kurabmi et al. 1998) proliferation (Kubota, Tashiro et al. 1992)
migration (Colucci, Giannelli et al. 199G)nd differentiation(Rozzo, Ratti et al.
1993) In addition laminin also provides attachment points for axons to extend
and exert forces on the EC{daura, Leipzig et al. 2008)

Fibronectin is a cell surface associated glycoprotein produced by Schwann
cells, predominantly located in the perineurium. They contain different functional
domains that directly bd onto various molecules such as fibrin, collagen and
heparin(White and Muro 2011)as well as two domains that support cell adhesion.

In the PNS neurons can extend neurites on the two doifhduinsphries, Akiyama
et al. 1988) Fibronectin also plays a role in peripheral nerve repair as they promote
Schwann cell growtBaronVan Evercooren, Kleinman et al. 1982)

GAGs suchas CSPGs are proteoglycans consisting of a protein core and a
chondroitin sulphate side chain, which are produced by Schwann cells. In the PNS
they exist mainly in the basal lamina and ECM surrounding collagen fibrils
(Aquino, Margolis et al. 1984)These proteoglycans have been implicated in the
regulation of axonal growth, however it has been found that CSPGs bind to and
inhibit the neuritepromoting activity of larmin. It has been observed that after a
nerve injury there are markedly upregulated levels of inhibitory CSPGs levels
which accumulate in the endoneurial tissue surrounding the Schwann cell basal
laminae(Zuo, Hernandez et al. 199&pnsequently CSPGs play a negative role in

nerve regenetin.

mpor
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1.4 Nerve injury and regeneration
When the CNS is injured the physiological response from the body is the slow

infiltration of macrophages to the site of injury. A blespine barrier delays the
removal of the inhibitory myelin by limiting macroplregntry to only the site of
injury (Avellino, Hart et al. 1995)In addition, cell adhesion molecules in the distal
end of the injured spinal cord are not readily upregulated, thereby limiting
macrophage recruitment. Astrocytes also respond to the injury by proliferating and
producing glial scars that inhibit regeneratidficKeon, Schreiber et al. 1991)

The PNS is typically damaged by traumatic injury (i.e. stretch, crush,
lacerations and ischen), surgery or repetitive compression (e.g. carpel tunnel
syndrome). A recent study revealed that 87% of PNS injuries were from trauma
and 12% due to surgery. Over 81% of nerve injuries occurred in the upper
extremities and 11% in the lower extremitieshwithe balance in other locations
(Pfister, Gordon et al. 2Q). Injury to the PNS can range from severe, leading
major loss of function or intractable neuropatp&n, to mild, with some sensory
and/or motordeficits affecting quality of life(Pfister, Gordon et al. 2011)n
contrast to the CNS, the microenvironment surrounding an injury site in the PNS
is often moe permissive to axonal regeneration. Over relatively short distances
(less than 5 mm), axons can spontaneously regen®&ateyappa, Romero et al.
2000)

1.4.1 Peripheral nerve regeneration
When a nerve is injureor transected, the transected fibres distal to the lesion are

disconnected from the neuronal body. Immediately after, the proximal and distal
nerve stumps retract, axoplasma (cytoplasm within the axon of a neuron) leaks out
and breakdown of the cytoskedatand dissolution of the cell membrane occurs.
The proximal end of the nerve stump however experiences minimal damage. This
process is known as chromatolysis and reflects the change from the production of
neurotransmitters needed for synaptic activityhproduction of materials needed

for axonal growth and repaieckel 1990Q)At the distal end Schwann cells shed
their myelin lipids and surround the axons. Macrophages are recruited to the site
of lesion and contribute to the lysis and phagocytosis of myeliraaod debris

and subsequent Schwann cell proliferation. Both cell types play a role in enhancing

axonal regeneration and myelination by secreting cytokines and growth factors.
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I n the first few daysd post injury
distal axonal stump. This is a process which serves to create a microenvironment
distal to the injury site that favours axonal growth. This involves the degeneration
of axons, myelin sheath detachment and degradation of the distal portion of the
nerve by prtease activity and the separation from the metabolic resources of the
nerve cell bodies. During the degeneration the basal lamina which had formerly
covered the myelinating Schwann ea¥on unit is spared. This leaves intact
Aendot ubes o f dualivesal lanhina and Bawannecslls which still
remain viable. These endotubes form channels into which the regenerated axons
will grow (Weindein 1999)

Following debris clearance by activated macrophages, and a local
inflammatory environment, Schwann cells within the distal stump are stimulated
to proliferate within their basal lamina tubes forming the bands of Bingner. This

proliferation caries on for approximately 2 weeks with the Schwann cells forming

Arail trackso which gui de (Tdieaghirl®ygener ati n

Regeneration begins at the proximal end and continues towards the distal stump
with new axonal sprouts emanating from the nodes of Ranvier to restore function
(Figure 1.5). In humans, axon regeneration occurs at a rate of 1 mfAltiery,

Udina et al. 2012)

Wa |
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Figure 1. 5. Degeneration and regeneration after peripheral nerve injuryP = proximal and
D = distal. Adapted from Allodi, Udna et al. (2012) anl Chaudhry, Glass et al. (1992)

The regenerative sprouting of the proximal axon requires elongation of the axon.
This is mediated by the growth cof®eckel 199Q)A growth cone is a motile
extension of the regenerating nerve fibre seeking its synaptic targetadhces
through the tissue by releasing a protease which dissolves the (Kaysxosek

and Seeds 1981)

Growth cones consist of mobile filopodia extruding from a flattened sheet
of lamellipodia. This enables them to move and to explore the microenvironment
of the regenerating axons. Actin influences this motility. The growth cone plays an
essential role in axon guidance and responds to contact guidance clues afforded by

adhesive molecak that are presented on a neighbouring cell surface such as

13
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transmembrane cell adhesion molecules (CAMSs) or those that are assembled into

the ECM such as laminin and fibronectin (Figure 1.6).

Fibronectin — > O MO A O O]
T o Do EE

Microtubules Gl G

Regenerating Axon —— J, Growth

Lamellipodium Cone

@

. & Protease
Laminin —— () ) ) @) 6 6 6 @) (G G0 .
k— Basal lamina
| e e e i i

Proximal Distal

Figure 1.6. Growth cone of a regenerating axomdapted from Lowery and Van Vactor (2009)

1.4.2 Classifications of nerve injury

There are different classifications of nerve injury; neurapraxia, axonotmesis and
neurotemesis are the three discrete types first described by Sir Herbert Seddon in
1943 wit the addition of two intermediate steps in 1954. Dellon and Mackinnon
described a'Bdegree nerve injury, one which combines several of these degrees
of injuries per fascicle (Table 1.(Bvans 2001)The classification of théaegree

of nerve injury allows possible replacements of individual fascicles as opposed to
the entire injured nerv&Vhen surgical repair ohe nerve is required, the goal is

to guide regenerating sensory, motor, and autonomic axons to the distal,

degenerating nerve segment to maximize the chance of target reinnervation.
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Degree of Injury Pathology Treatment TEC Prognosis
I. Neurapraxia Axons rot disrupted. Possible | None No Full recovery
segmented demyelination Days up to 3 months
Il. Axonotmesis Axon lost. Endoneurium, None. Slow regeneration No Good, rate is slow
perineurium and epineurium | 2i 3 cm per month
intact
Il Axon lost. Endoneurim None. Surgery only if no recovery | ? Incomplete
disrupted. Perineurium and 2i 3 months. axonal loss and misdirection
epineurium intact Slow regeneration
21 3 cm per
month
\VA Axon lost. Endoneurium and | Sugery required to remove sc{ Yes Regeneration only after repa
perineurium disrupted. tissue. Autograft or Availability of graft material
Epineurium intact conduit for gaps
V. Neurotmesis Complete disruption of nerve | Surgical repair to proximate the tw Yes Regeneration only after repa
ends. Direct repair, autograft or Availability of graft
conduit for gaps material
VI. Mixed injury Surgical repair Yes

Table 1.1.Classification of peripheral nerve injuries; TEC = tissue engineered constructs. Adapted from Pfister, Gordcet al. 2011
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Each category has its own complications and clinical symptoms; however,
evidence is in support that an increase in the degree of injury indicates an increase

in severity and decrease in recovery. After axonotmesis the connective sheaths of

the nerve are preserved and only the axons are injured so functional recovery is
good. In contrast after neurotmesis (nerve transection) the endoneurial tubes lose
their continuity, axons are misdirected and reinnervate incorrect target organs
leading to por functional outcomedVitzel et al. (2005) estimated that only 10%

of axons after a nerve transection and
organg(Witzel, Rohde et al. 2005)

Inappropriate targets cam loeinnervated by axtomised nerves i.e. efferent
motor axons may be misdirected to sensory end organs resulting in degradation or
loss of function depending on the severity of the mism@idiodi, Udina et al.

2012. As surgical repair techniques cannot be further refined there is a need for

new and improved strategies to enhance specific axonal regeneration.

1.4Clinical need for peripheral nerve repair
Several hundred thousand nerve injuries occur worldwide each wilarover

300,000 cases reported annuailyurope(Mohanna, Young et al. 2008hd over
360,000 (of the upper extremity) in the U$Belkas, Shoichet et al. 2004his

has associated annual costs of $7 billion (American Paralysis Association, 1997).
Currently, there is m effective treatment for damage to the CNS, and acute spinal
cord injury has been resistant to treatm@&wans 2001)Compared to spinal cord
injury, injuries of the peripheral nerves are more common and debilitating,
affecting 2.8% of trauma patientdleverthelessdespite recent advancements
peripheral nerve injury remains a critical clinical issue with 66000 praedures
performed annuallin the United States alorflloble, Munro et al. 1998)

The assumption has been that peripheral nerve injuries recover, given the
observation of spontaneous axonal regeneration folpvijury. Whilst this
capacity of regeneration is higher than that of the CNS, complete recovery is
infrequent, misdirected or associated with debilitating neuropathic paion
regeneration progressasa slow rateThe rate of axon regeneration varfesn 1-

2 mm/day in small nerves and 5 mm/day in large nerfRscknor and
Mallapragada 200@nd any defect size greater thah®mm often results in poor

functional recovery(Pfister, Gordon et al. 2011Nerve transection is usually
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associated with poor outgrowth, particularly when the distdoete/een injury and
target is long.

Despite best efforts and modern surgical techniques functional restoration
is often incomplete, with approximately 50% of surgical cases achieving normal to
good restoration of functiofhe incidence of PNS injury is grossly underestimated
due to the span of causes and the intervention from many clinical disciplines,
including orthopaedic surgery, plastic surgery and neurosurgery however it
presents a criticallioical issue(Pfister, Gordon et al. 2011Jherefore, tkre is
need for biomedical research to develop novel strategies to improve outcomes

following nerve damage

1.5 Current clinical approaches for treating peripheral nerve

injuries

Current treatment for peripheral nerve injury consists of either direetoesiud
surgical suturing of the damaged nerve ends or the use of an autologous nerve gratft.
Suturing is limited to the repair of small defects or gaps in the nerve, for longer
nerve gaps this approach is not desirable because any tension introduced into the
nerve cable would inhibit nerve regeneration.

For | onger nerve gaps the current
grafting; using donor sensory nerve tissue (usually the sural nerve) which is
harvested from another site in the body to replacenjueed tissue. Limitations
using this method include donor site morbidity and chronic pain. Sural nerves in
general possess a typically small diameter so multiple sural nerve segments are
placed side by side to match the width of the nerve being rep(Beddin 2008)

This means that there is also the risk of lack of donor nerve tissue if the nerve injury
is substantial. In addition, sural nerves also possess smaller fascicular patterns (i
the number and size of fascicles) which do not match the fascicular patterns of the
nerve being grafteqMeek and Coert 2002)hich can cause misdirection and
misalignment, and is why the autologous clinicaldiional recovery rates is only
80% (Schmidt and Leach 2003)

ngol



18

1.6 Nerve guides conduits (NGCs) and grafts to aid peripheral

nerve regeneration
It is commonly accepted that physical guidance of axons isahodtmponent of

nerve repair and regeneration. I n the
reduced the tension on damaged nerves as well as enhancing functional recovery.
Current research focuses on fAentuwbul ati
nerve in an autograft tube known as a Nerve Guidance Conduit (KK&Gbe,

Zhang et al. 2011)These conduits can be used for defects of 20-28mm and

eliminates the need to dtaAdvantages of NGCs over autografts is their unlimited

supply, no donesite morbidity, no restriction by fascicular sizes and they can
provide the regenerating nerve fibres with the ability to seek their own path to their
targets with a high degree gpecificity through neurotropisif&hin, Friedrich et

al. 2009)

Once nerves are sutured into the ends of the conduit, pratkin
(axoplasmic) fluid, containing growth factors exudates from the stumps and are
released into the NGC. Within days a fibrin matrix forms, providing sugport
the migration of Schwann cells, fibroblasts and macrophages (Figure 1.7).

196

ng
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Figure 1.7; Principle of nerve entubulisation and the sequence of events leading to the growth
of a new nerve cable: Adapted fromHeath and Rutkowski (1998); Belkas, Shoichett et al.
(2004); Daly, Yao et al. (2012)
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The role of an NGC is to mechanically support and direct axonal sprouting between
the injured nerve stumps by providing a guidance cue (via a tubular 3D structure)

The NGC also needs to prevent fibrous tissue ingrowth into the injury site and

retain the neurotrophic factors secreted by damaged nerve ends. The design criteria

of an NGC should include:

Biocompatibility so to not evoke an inflammatory response

Biodegadability, however the NGC must retain a mechanically stable architecture
during the regeneration process

Flexibility, to prevent compression of regenerating axons and limit tissue
inflammation

Semipermeability to allow diffusion of oxygen and nutrigtitrough pores. Ideal
pore size range betweer3Bum. Pore sizes less than 5um inhibits cell and tissue
proliferation whilst pore sizes exceeding 30pum increases infiltration of
inflammatory cells into the conduit

Meeting clinical requirements for fugh production, sterilization, lorgrm

storage and surgical handling such as suturing.

The Food and Drug Administration (FDA) and Conformit Europe (CE) have
approved a relatively small number of guidance conduits for clinical repair of
peripheral nervesThese NGC devices can be grouped into naturally derived or
synthetic as well as resorbable and-nesorbable material (Table 1.2).
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Commercial Name Company Material
Neuragen®NeuraWrap ™ Integra Type | collagen
Neurolac® Polyganics PDDL/CL
Neurotube ® Synovis PGA
Neuromatrix/Neuroflex™ Collagen Type | collagen
Conduits and NeuroMend™ matrix Inc
wrap
Salubridge ™/SaluTunnel ™ Salumedica Polyvinyl

alcohol
hydrogel
Surgisis®Axoguard ™ AxoGen Inc Porcine small
intestinal
submucosa

Table 1.2 Summary of commercially available nerve guides and wraps. Adapted from
Waldram (2003); Bell and Haycock (2011)

1.6.1 Naturally derived nerve guides
There has been great focus on using purified natural ECM proteins and GAGs as

natural scHolds for nerve regeneration. ECM molecules such as collagen, laminin
and fibronectin have shown to play a significant role in axonal development and
repairin vivo.Furthermore proteoglycans and GAGs are known to modulate neural
activity and neurite extesion as well as providing stimulatory and inhibitory cues
(Bovolenta and Fernatiispinosa 2000)

Investigation using silicone tubes filled with ECM molecules have shown
improved regeneration over a 10 mm rat sciatic nerve gap compared to controls
(Chen, Hsieh et al. 2000Pther studies have shown that orientated fibres of
collagen within gels can provide an ideal template for neurite extension as well as
an ideal matrix for Schwann and neurite migratiéeballos, Navarro et al. 1999)

Additional naturally derived molecules currently under investigation
include hyaluronic acid, fibrinogen, agarose, alginatéosan and selassembling
peptides. Tissue engineering techniques are being applied to modify these materials
to make them applicable for nerve repair applications by applying chemical cross

linking, magnetic fields or the addition of biomolecul8shmidt and Leach 2003)
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1.6.1.1 Clinically available naturally derived resorbable devices
Neuragefi and Neuromatrix/Neufex™ conduits are derived from collagen |.

Collagen I, a major component of the ECM is a ownly used biomaterial as it

can be easily isolated and purified and made to offer varying degrees of
resorbability. Collagen has an established record of biocompatibility and has been
shown to support and guide tissue regeneraitionivo. However, despé its
abundance there is still an issue of batebatch variations that can compromise
reproducible performances. Furthermore undesirable immune responses may occur
in some devices, therefore there is a requirement to use immunosuppressive drugs
(Kehoe, Zhang et al. 2011)

Neuragefi conduits degrade after 48 months and have been reported to
have comparable efficacy to autologous grafts in defects up to 20 mm in clinical
studies. In ddition, preclinical studies showing efficacy in defects up to 40 mm.

To this date no other FDA device has reported levels of efficacy up to this gap
length in literature. However, the limitation is the time required for complete
biodegradation to occur ay lead to nerve compression. In contrast
Neuromatrix/Neurfiex™ conduit resorbsn vivo over a period of 46 months.
However theseonduits have been designed to bridge nerve gap defects that do not
exceed 2.5 cnfKehoe, Zhang et al. 2011)

Available FDA/CE-approved naturally derived resorbable nerve conduits

NeuraGer? NeuroMatri x/ Ne
Composition Type | collagen Type | collagen
Company Integra NeuroSciences Collagen Matrix Inc
Plainskoru, NJ, USA Franklin Lakes, NJ, USA
Maximum Length 3 cm 2.5¢cm
Diameter 1.57 mm 2-6 mm
Clinical data Yes No
(PubMed)
Degradation Time 4 years 4-8 months
Price (The al1200 u600
Netherlands)

Table 1.3. Summary of clinically approved naturally derived resorbable nerve conduits.

Reproduced from Meek and Coert (2008)
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1.6.2 Synthetic nerve guides
Synthetic materials are ideal as their chemical and physical properties (degradation

rate, porosity, mechanical strength) canopémisedfor particular applications.
Their limitation however lies in their biocompatibility vivoas t he bodyoés
response can vary from one material to another. In some cases, the material may
cause an inflamatory response or may be incompatible with cell adhesion or
tissue repair, hindering the regeneration process. However, through tissue
engineering there are various ways to modify the material to make it more
biocompatible

A number of different synthetimaterials have been explored for use in
aiding nerve regeneration including ndegradable polymers like silicone,
biodegradable polymers such maly(lacticco-glycolic acid)( PL GA) , - poly (U
caprolactone (PCL), poly -lactic acid (PLLA) (Subramanian, Krishnan et al.
2009) Researchers have also shown that electrical charges play a significant role
in stimulating cellular different for various tissue types. Piezoelectric material such
as poly (vnylidene fluoride) (PVDF) and electrically conducting polymers
(polypyrrole, polyaniline) are known to significantly enhance neurite extension.
Further modification of these materials with biological stimuli i.e. hyaluronic acid
may create interactive biaterials for use as nerve guidance chan(@&ttmidt
and Leach 2003)

1.6.2.1 Clinically available synthetic resorbable devices
Synthetic resorbable devices are deemed desirable as surface erosion permits the

device to retain its structural stability for a longer time after implantation. A surface
eroding polymeric device is also expected to provide better contact guidance cues
for nerve regeneration.
Neurotub&, a highly porous bioresorbable device made frompgiptolide
acid (PGA), is a woven tubular device with a grooved surface. The grooved surface
helps the resistance of occlusive forces of surrounding soft tissue. Neffrotube
shows excellent degradability, good initial mechanical properties and is associated
with high levels of cell viability. Amongst surgeons it is considered the preferential
synthetic device due to its length (2 cm), price and wide availability of clinical data.
In randomised clinical trials the device has been reported to have
comparableefficacy to autologous treatment in defects up to 20mm. Moreover,

pre-clinical data exists for this device showing efficacy in gap defects up to 30 mm.
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However, limitations include its high rate of degradation and the device losing its
initial strength (22 monthsin vivog). Other disadvantages include the production
of acidic degradation products (glycolate and pyruvate) as well as its low solubility.

Neurola® is the only approved transparent device, a feature which helps
aid the clinician during surgit insertion across the nerve gap defect. It is
composed of the epolymer poly (D, Llactideco-U-caprolactone) (PCL) and is
highly soluble in a wide range of organic solvents and its crystalline nature enables
it to form at relatively low temperaturesh@ device is able to degrade at a steady
rate without producing toxic degradation products.

In clinical trials Neurola® has been reported to have comparable efficacy
to the autologous standard in defects up to 20 mm. Limitations of this device
however irclude its high rigidity, with Meek et al 2008 noting frequent breakages
of needles when suturing the device in plddeek and Coert 2008Rigidity can
also lead to nerve stumps being torn out of the NGC lumen during the regeneration
period due to the inflexibilityover the joints during immobilisation. Other
limitations associated with the device include severe foreign body reactions and
swelling, fragmentation due to incomplete degradation as well as early collapse of

the device leading to neuroma formation.

Available FDA/CE-approved synthetic resorbable nerve conduits
Neurotube® Neurolac®
Composition Polyglycolic acid Poly (>35(%%15¥p) lactide
Ucaprolactone)
Company Synovis Polyganics BV
Maximum Length 4 cm 3cm
Diameter 2.38 mm 1.510 mm
Clinical data (PubMed) | Yes Yes
Degradation Time 6-12 months 2-3 years
Price (The Netherlands)| £Euro 340 +Euro 700 up to 1800

Table 1.4. Summay of clinically approved synthetic resorbable nerve conduits. Reproduced
from Meek and Coert (2008)
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1.6.2.2 Clinically available synthetic norresorbable device
Salubridge™ / SaluTunnel™ are norresorbable nerve cuff hydrogels composed

of a hydrophilc and nordegradable biomaterial called Salub¥iaThe Salubrid"
hydrogel mimics human tissue in terms of its softness and compliancy.
SaluTunne is identical in structure and composition to the Salubffigmart

from a longitudinal slit to facilitee ease of surgical placement; thereby this device

is used in the management of peripheral nerve injuries in which there has been no
substantial loss of nerve tissue. However, the-mnesorbable nature of these
devices can lead to issues relating to higtisks of infection and chronic
inflammation as well as nerve compression and tension at the $neseafter

nerve regeneration.

Available FDA/CE-approved synthetic norresorbable nerve
conduits

Salubridge ™ /SaluTunnel ™

Composition Salubriapolyvinyl alcohol (PVA)
hydrogel

Company Salumedica LLC, Atlanta, GA, USA

Maximum Length 6.35cm

Degradation Time Non-biodegradable

Table 1.5. Summary of clinically approved synthetic nosresorbable nerve conduits.
Reproduced from Meek and Coert (2008)

1.6.3 Motor outcomes after reconstruction of nerve defect using NGCs
The majority of data reporting the clinical success of NGCs in promoting nerve
regeneration has been with respect to sensory nerve re¢dvelgr, Breidenbach

et al. 2000, Taras and Jacoby 2008)

There have been few case reports on motor nerve recgshley,
Weatherly et al. 2006, Donoghoe, Rosson et al. 2007, Inada, etogbi2007)
however the focus was primarily on animals and the evaluation carried out using
either compound muscle action potentials or walking track analysis to quantify
motor recovery are known to have high variability and are indiggh, Friedrich
et al. 2009)

Clinically motor recovery is inferior to sensory recovery following repair
(Gattuso, Glasby et al. 1989, Duteille, Petry et al. 2001¥lotor nerve

reconstruction differs from the sensory reconstruction as there are fraedaamt
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degradation and ultrastructural changes of the muscle as well as irreversible
changes that occur at the motor end p(B&an, Veltri et al. 2001, Shin, Friedrich
et al. 2009)

A study conducted by Shirt @l 2009 used a rat sciatic nerve model to
compare the efficacy of the three clinically synthetic bioabsorbable NGCs
(Neurola®, Neurotub& and NeuraGe?) in terms of motor nerve recovery.
Maximum isometric tetanic force with optimisation of variables wsed as the
primary measure of motor outcomes. Results showed no significant difference
between the Neurol&conduit and autograft in all the assessments. Netdidc
however outperform the other commercially available NGCs and Neufotube
repairs weresignificantly worse than other repairs in all assessments (Table 1.6).
Nonetheless other studies with Neurofutshow a more positive outcome in
human studie@ain, Veltri et al. 2001, Navissano, Malan et al. 206&da, Hosoi
et al. 2007) This disparity may be attributed to a number of factors such high

degradation rate and nerve lumen size mismatch.
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Autograft Neurolac® | NeuraGen® | Neurotube®

Isometric tetanic force

Anterior isometric tetanic force recovery of tibialis| 37 + 17 34 +£13 23+11 3+5
anterior (%)

Recovery rate of tibialis anterior (%) 100 (20/20) | 94 (17/18) 100 (19/19) | 29 (4/17)
Compound muscle action potentials

Recovery of tibialis af51+£51 32+16 25+14 37

Recovery rate of tibialis anterior (%) 100(15/15) | 93 (14/15) 100 (15/15) |15 (2/13)

Recovery of flexor digilo£12 10+ 11 314 0

Recovery rate of flexor digiti quinti brevis (%) 53 (8/15) 73 (11/15) 33 (5/15) 0 (0/15)
Weight (normalised to contralateral side)

Muscl e weight of tibialb58+7 54 + 10 49 £9 19+8

No. tested 20 20 20 19
Histomorphometry (%)

Peroneal axon count 118+ 24 112 + 23 86 + 15 47 £ 16

Peroneal nerve aea(um) 89+ 17 88 + 20 74 £ 13 58+ 11

Peroneal nerve fibre areaum) 39 +4 34 £5 41 +19 352

Peroneal myelin thicknesgum) 87 £9 84 8 90 5 76 +£7

Table 1.6 Summary of the effectiveness of commeatly available NGCs in repairing motor nerve regeneration. Overall the autograft is the most effective
in promoting motor nerve recovery followed by Neurola®. Neurotube® is deemed the least effective fopromoting motor nerve regeneration

Reproduced fromShin, Freidrich et al. 2009)
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The study conducted by Shin et al. (2009) demonstrated the functional regenerative
potential of NGCs in motor nerve repair and their limitations. In addition, it also
highlights the necessity to consider both sensory mtor functions when
creating NGCs or grafts for nerve repair.

1.6.4 Clinical efficacy of autografts and NGCS in treating peripheral
nerve repair

Due to the lack of multicentres and prospective, randomised, controlled studies
based around peripheral nerkgpair research, surgeons have come to rely on
experimental data from expert and institutional publications when determining
expected outcomes or forming an evidenced based approach for treatment of
peripheral nerve i nj ur igef there isFaovealthtoh e
single centre experimental data available. In a review by Frykman and Gramyk
(1991), meaningful functional recovery was reported in 80% of nerve autograft
repairs in digital nerve gaps less than 50 mm38% meaningful motor fution in

mixed nerves of the forearm and-78% meaningful levels of sensory function
(Frykman 1991)

For autograft alternatives (NGCs) the largest published randomised
controlled study was by Weber et al (2000). The study was a direct comparison of
conduits with direct suture and autograft for sensory only digital nerve repairs. The
NGCO6s per fimnagapeod mwar leds with 100% meaningful recovery,
however with gap lengths betweer25 mm only 34% reported meaningful
recovery (Weber, Breidenbach et al. 2000)Table 1.7summerisegublished
studies which have been carried out otograft and NGCs for peripherakrve

repair.

Afgol d
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Study

Number of Repairs

Nerve injury type

Test article

Positive Outcomes

Wangensteen and

Kallianien (2009)

64

Sensory, mixed an

motor nerves

Neuragefi

43%

Collagen Tube

Kim and Kline (2001- | 52 Sensory and mixe( Direct Suture and autogral 67-86%
2006) nerves

Frykman and Gramyk | 91 Mixed nerves Direct Suture and autogral 75-78%
(1991)

Frykman and Gramyk | 384 Sensory nerves Autograft for digital nervg 80%
(1991) injury under 5cm

Weber et al. (2000) 62 Sensory nerves Neurotub& 74%
Weber et al. (2000) 74 Sensory nerves Direct repair andatograft | 86%
Kallio et al. (1993) 254 Sensory nerves Autograft and direct repaif 70%
Lohmeyer et al. (2009)| 12 Sensory nerves NeuraGefi Type | Bovine| 75%

Table 1.7. Comparison of different types of nerve repair in referece to historical literature based on individual study parameters for acceptable

recovery: M3-M5, S3S4. Reproduced by Brooks, Weber et al. (2012)
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1.6.5 Limitations of NGCs in promoting regeneration across critical gap

length

A study comparing autograft wonduit repair of digital nerve injuries concluded

that conduits were limited to defects of up to 25 mm. It was also noted that the
quality of recovery decreased as the gap size increased and that a third of repairs
for gaps between 5 and 25 mm had pootcomes(Weber, Breidenbach et al.
2000)

Fibrin clot instability seems to a leading factor leading to the failure of
NGCs toprovide sufficient regeneration across larger gaps. A study by Lundborg
et al. (1982) demonstrated loss of fibrin stability with an increasing distance
between nerve ends within a silicone netwiee (Lundborg, Dahlin et al. 1982)

The failure to form a fibrin clot means th&thwann cells and axons would not
have a scaffold to guide and support their migration across the conduit. Other
factors which may also limit the NGCs are neurotrophic factors, Schwann cell
invasion(Daly, Yao et al. 2012and absence of physicagjuidancesuch as the

Schwann cell basal lamina and EGS8pivey, Khaing et al. 2012)

1.7 Importance of ECM and Schwann cell basal lamina in nerve

regeneration

During the last decade many trials have been undertaken with nerve tubes of
different materials, growth factors a&ll as cells, all with the aim of increasing

the speed of nerve regeneration and directing niéoves for target specificity

These grafts avoid the problem of availability, donor site morbidity and imimune
rejection however they have limited efficary nerve regeneration. A plausible
explanation for this is the absence of physical guidance for the cells at a relevant
scale (~50em) such as t he (Spowdyyhangetc el |
al. 2012)

The nanostructure of basal laminae is primarily composedltzfgen and
laminin so it can be inferred that they present aligned, linearszale features to
cells. Laminin is known to promote neurite extension botkitro andin vivo
(Corey, Lin et al. 2007; Nguyen, Sanes et al. 2002; Smeal et al. 2005)

An in vitro studies of dorsal root ganglia exposed to aligned, nanofibrous
surfaces show that axon extension is strongly influenced by the alignment of

nanotopography to support this hypothé€ierey, Lin et al. 2007)

b as
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An in vivo study using a munie model where the structure of the nerve
tissue (including the basal laminae) was preserved during a-typestaxotomy
showed the motor axons retracing their original pathways testablish
neuromuscular junctions at the original sites with littleatswn (Nguyen, Sanes et
al. 2002) A study by Smeal et al. @R5) demonstrated that axon regeneration was
more effective when presented with smaller diameter tube structures and that axons
are sensitive to substrate curvature, demonstrating more directional extension when
exposed to a smaller radius of curvat{Beneal, Rabbitt et al. 2005)

It is therefore hypothesised that as a prerequisite for efficient axon
extensi on, next generati on NGCstade and
topography consisting of continuous, tdbk& micron scale structure that are both

linear and aligned over macroscopic distances.

1.8 Tissue decellularisation
Use of cadaveric or donor nerve tissues can provide an ECM that mimics the native
nerve tissue as well as offering the potential forically relevant size/length and
motor/sensory specificitfMoore, MacEwan et al. 2011$uch grafts contain an
endoneurial microstructure which provides the same level of guidance and
regenerative support as nerautografts.

Nevertheless, when used clinically these grafts possess risks from the
immune response from the body due to the presence of foreign cells. Taking
i mmunosuppressant 6s wi | | all ow the host
across the allagft scaffold; however side effects may result in opportunistic
infections, neoplasia or tumour formati@vackinnon, Doolabh edl. 2001)

Alternatively, the immunogenic components from the graft can be removed
through a process called decellularisation, producing amoprunogenic acellular
tissue graft. Decellularisation can remove DNl&move/mask antigenic epitopes,
(Gilbert, Sellaro et al. 2006, Badylak and Gilbert 2088)l damage associated
molecular pattern (DAMP) molecul¢Rubartelli and Lotze 2007Theoreticily
acellular grafts still retain the 3D structure and ECM components of the native
tissue; however, such a graft may be used clinically without eliciting an adverse
immune response. ECM components are generally conserved amongst species and
are toleratedwell by recipients in the absence of immunogenic cellular

components.
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1.8.1 Clinical relevance for the use of acellular scaffolds

There is an increasing use of ECM derived from acellular tissue in tissue
engineering and regenerative applicatiomscellular scaffolds have been
commonly used for the surgical reconstruction of a variety of tissues including
tendons(Coons and Barber 20Q64lermal (Brigido 2006) and gastrointestinal
(Ueno, Pickett et al. 2004Recent strategies have also included whole organ
decellularisation such as the heart, liver and [(@Yg, Matthiesen et al. 2008,
Petersen, Calle et al. 2010, Uygun, SGuaierrez et al. 2010)Table 1.8
summarises the current clinical acellular products, which are obtained from a

variety of allogeneic or xenogeneic tissue sources.
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Product

Tissue source

Application

AlloDerm® (Lifecell Corp.)

Humandermis

Soft tissue

Al l oPatch HDE, Fl e
(Musculoskeletal Transplant
Foundation)

Human dermis

Tendon, breast

NeoFor mE (Mentor

W

Human dermis

Breast

GraftJacket® (Wright Medical
Technology Inc.)

Human dermis

Soft tissue, chronic
wounds

SratticeE (Lifecel |Porcinedermis Soft tissue
Zi mmer Coll agen Re|Porcinedermis Soft tissue
(Zimmer Inc.)

TissueMend® (Stryker Corp.) Bovine dermis Soft tissue
MatriStem®, Acell Vet (Acell Inc.) Porcine urinary bladdel Soft tissue
Oasis®, Surgisis® (Cook Biotech Inc.) Porcine small intestine| Soft tissue
RestoreE (DePuy Or |Porcine smallintestine| Soft tissue
FortaFlex® (Organogenesis Inc.) Porcine small intestine| Soft tissue

Cor Matri x
Cardiovascular Inc.)

ECME® ( Co

Porcine small intestine

Pericardium, cardiac
tissue

Meso BioMatrixE (K

Porcine mesothelium

Soft tissue

| OPatchE (I OP I nc.

Human pericardium

Ophthalmology

OrthAdapt®, Unite® (Synovis
Orthopedic and Woundcare Inc.)

Equine pericardium

Sott tissue, chronic
wounds

CopiOs® (Zimmer Inc.)

Bovine pericardium

Dentistry

Lyoplant® (B. Braun Melsungen AG)

Bovine pericardium

Dura mater

Perimount® (Edwards Lifesciences
LLC)

Bovine pericardium

Valve replacement

Hancock® I, Mosaic®, Freestyle®
(Medtronic Inc.)

Porcine heart valve

Valve replacement

PrimaE Pl us ( Edwar |Porcine heartvalve Valve replacement
LLC)
Epi cE, SJM Bi ocor E|Porcine heart valve Valve replacement
Inc.)

Table 1.8 Clinical products composed of adiglar tissue. Reproduced from Crapo, Gilbert et

al. (2011)
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1.8.2 Decellularisation methods

The aim of any decellularisation process is to efficiently remove all cellular and
nuclear material whilst minimising any aglge effect on the composition,
biological activity and mechanical integrity of the remaining ECM. Nonetheless
any process that requires the removal of cells is likely to alter the native three
dimensional architecture of the ECM.

Numerous methods exisorf preparing acellular scaffolds (Table 1.9).
Despite inherent differences all processing techniques aim to reduce the tissue
immunogenicity anénhanceheregenerative capacity through preservation of the
native ECM.



Method

Mode of action

Effect on ECM

Physical:
A Snap freezing
A Mechanical force
A Mechanical agitation
A Electroporation

Disrupt cell membrane, burst cells a
tissue, cell lysis

Disrupts and damage ECM

Chemical:
A Acids and alkalines

A lonic, non-ionic and
zwitterionic detergents

A Hypo and hypertonic

Solubilises cytoplasmic and nucle
cellular membranes.

Disrupts lipid-lipid, lipid-protein and
proteinprotein interactions

Cell lysis by osmotic shock, disrup

Damages col |l agen mwthfactors amd sytedasntic/o@téins, ¢

Di srupts tissue wultrastructur e, remo

collagen. Effective cell removal

Does not effectively remove the cellular remnants

solutions DNA-protein interactions
Enzymatic:
A Trypsin Cleaves peptide bonds on the carbey Prolorged exposure can disrupt ECM structure; remove laminin, fibronectin collage
side (COOH) of Arg and Lys elastin and GAGs.
Cleaves specific peptides, main
A Dipases fibronectin and collagen IV

A Endo and exaucleases

Catalyse the hydrolysis of the interi
and terminal bonds of ribonucleotic
and deoxyribonucleotide chains

Difficult to remove from tissue and can invoke an immune response.

Chelating agents:
A EDTA, EGTA

Bind divalent metallic ions, thereh
disrupting cell adésion to ECM

No isolated exposure, typically used with enzymatic methods (e.g. trypsin)

Table 1.9 Summary of the decellularisation methods used and their effect on the ECM. Reproduced from Gilbert, Sellaro et(2006)
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1.8.3 Decellularisation solutbns and agents
1.8.3.1 Detergents

1.8.3.1.1lonic detergents
lonic detergents solubilise both cytoplasmic and nuclear cellular membranes;
however they also denature proteins by disrupting prgetein interactions
(Seddon, Curnow et al. 2004yommon ionic detergents include sodium dodecyl
sulphate (SDS)YWilshaw, Rooney et al. 2011, Wakimura, Wang et al. 2015)
sodium deoxycholatéNang, Itoh et al. 2015nd Triton %200 (Hudson, Liu et
al. 2004)

SDS is efficient in removing cellular components from tissue as well as
nuclear remnants and cytoplasmioteins(Woods and Gratzer 20Q03)rawbacks
of SDS include potential disruption to the native tissue structure, decrease GAG
content and disruption of collagertegrity (Gilbert, Sellaro et al. 2006iHowever,
SDS does notappear to solubilise or remove collagen from the tissue. Sodium
deoxycholate is also effective in removing cell remnants; however it tends to cause
greater disruption to the tissue and has to be usednjuradion with other
zwitterionic detergents or Triton X 20(Hudson, Liu et al. 2004) Residual
chemicals from the ECM must be flushed away after decellularisation especially if
using detergents that penetrate into dense tissue such as SDS. Residual detergent
within the tissue may cause cytotoxicity, inhibiting the beneficial properties of an

acellularscaffold

1.8.3.1.2 Noronic detergents

Nonionic detergents have been extensively used due to their mild effects upon
tissue structure. These detergents disrupt the -lijpid and lipidprotein
interactions whilst leaving proteforotein interactionsntact so that the proteins
within the tissue can be left in a functiomanfirmation(Seddon, Curnow et al.
2004)

Triton X-100 is the most commonly studied riemic detergent for the
decellularisation protocol. The use of this detergent on different tissue types
however has shown mixed results in termthefremoval of nucleanaterial(Dahl,

Koh et al. 2003, Grauss, Hazekamp et al. 20@05kgards to the ECM components
there has been a complete loss of GAGs as well as a decrease in laminin and
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fibronectin conent (Grauss, Hazekamp et al. 200%he efficacy of Triton X100
is dependetrupon the tissue being decellularised as well as the other methods with

which it is combined in a given decellularisation protocol.

1.8.3.1.3 Zwitterionic detergents

These detergents exhibit the properties of bothianit and ionic detergents and
include 3[(3-cholamidopropyl) dimethylammonid]-propanesulfonate (CHAPS),
sulfobetainel0 (SB10) and-16 (SB16). CHAPs treated artery tissue showed
retention of collagen and elastin but decreased the mechanical integrity of the tissue
(Dahl, Koh et al. 2003)SB-10 and SB16 in conjunction with Triton X200 have
shown to have a less detrimental effect on the ECM of peripherae tissue
(Hudson, Liu et al. 2004)

1.8.3.2 Hypotonic and hypertonic treatments

Hypertonic soltions dissociate DNA from proteins whilst hypotonic solutions are
used to lyse the cells within tissues through osmotic shock with minimal changes
in matrix molecules and architecture. For a maximum osmotic effect, it is common
for the tissue to be immedalternatively in hyper and hypotonic solutions. This
treatment however does not remove the cellular remnants from the tissue therefore
additional enzymatic or chemical treatments are necessary for the removal of the
cellular debrigCrapo, Gilbert et al. 2011)

1.8.3.3 Chelating agents

Chelating agents such as EDTA and EGTA form a-singped molecular complex

that binds and isolates a central metal ion. Divalent cations sucl‘ssn@dadg*

are needed for cell attachment to collagen and fibronectin at theSAré\sp
recepto(Klebe 1974, Gailit and Ruoslahti 1988y binding thedivalent cations
present at the cell adhesions to the ECM the chelating agents facilitate in the

removal of the cellular material from the tissue.

1.8.3.4 Enzymatic methods

These methods include the use of protein digestion, calcium chelating agents and
nuclease¢Bader, Schilling et al. 1998, Gamba, Conconi et al. 2002, McFetridge,
Daniel et al. 2004) Trypsin is a commonly used proteolytic enzyme in
decellularisation. This enzyme cleaves the peptide bonds ocathen side of

arginine and lysine if the next residue is not prolfieet, Voetet al. 1999)



38

Nucleases such as endonucleases catalyse the hydrolysis of the interior bonds of
deoxyribonucleotide or ribonucleotide chains whereas exonucleases catalyse the
hydrolysis of the terminal bonds which ultimately leads to the degradatioNAf R

and DNA(Freyman 2008)

The effectiveness of enzymatic treatment for the removal of cellular
material from the ECM has been stdliin a variety of tissues with varied results
(SchenkeLayland, Vasilevski et al. 2003, Grauss, Hazekamp et al. 2005)
Prolonged treatment with trypsin/EDTA can cause disruption of the ECM structure
butdoes notffect the overall amount of collagen in the tissue. Trypsin/EDTA has
however been shown to substantially reduce the laminin and fibronectin content of
the ECM (SchenkelLayland, Vasilevski et al. 2003Prolonged exposure with
trypsin/EDTA can also decrease the elastin and GAG content (chondroitin
sulphates, keratin sulphates andngigian sulphates) over time. A loss of these
components can result in the decrease in tensile strength of up t(S58&mke

Layland, Vasilevski et al. 2003, Grauss, Hazekamp et al. 2005)

1.8.3.5 Protease inltitors

During the decellularisation process, proteases can be released from the disrupted
cells, which in turn can damage the native ECM ultrastructure. Protease inhibitors
such as aprotinin are therefore added to solutions. Buffered solutions e jaid 7

well as temperature control and time of exposure to the lysis solutions can also
limit proteaseactivity (Gilbert, Sellaro et al. 2006)

1.8.3.6 Antibiotics

The presence of bacteria can contaminate tissues which have been subjected to
prolonged chemidadecellularisation methods. Antibiotics such as penicillin,
streptomycin or amphotericin have been included in many decellularisation
protocols(Costa, Dohmen et al. 2004, Hilbert, Yanagida et al. 2004, Woods and
Gratzer 2005)However antibiotic residues may remain in the tissue material after
the decellularisation protocol which may increase the complexity of regulatory

approval.
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1.9 Sterilisation of acellular tissue

Following the completion of the decellulsation process the tissues must be
sterilised prior tan vitro cell seeding om vivostudies. Sterilisation of biological
scaffolds is vital to eliminate endotoxins and viral and bacterial DNA that may be
present. Sterilisation methods have includedulration in acids or solvents,
ethylene oxide exposure, gamma irradiation and electron beam irraqtdtidde

and Hiles 2002)

Ethylene oxide, gamma irradiation and electron beeadiation are known
to alter ECM ultrastructure and mechanical properties of the {{Eseges, Stoner
et al. 2008, Gouk, Lim et al. 2008, Sun and Leung 20@&diation has been
shown to causes ECM degradatidue to the denaturation of structural proteins
such azollagen(Sun and Leung 2008Gamma irradiation causes lipids to become
cytotoxic as well as accelerating enzymatic degradati@Cofl (Moreau, Gallois
et al. 2000, Gouk, Lim et al. 2008 upercritical carbon dioxide has been recently
investigated and demonstrated effective reduction of bacterial and viral loads
within porcine dermal ECM with minimal effect on the mechanical prop€Qies
Leamy et al. 2009)

Acid and alkaline treatments solubilise the cytoplasmic component of the
cells as well as removing nucleic acids such as RNA and DNA through hydrolytic
degradation.Bases such as calcium hydroxide, sodium sulphide and sodium
hydroxide are harsh chemicalsattcan eliminate growth factors from the matrix
and decrease ECM mechanical properties by cleaving collagen fibrils and
disrupting collagen crosslinkin@ilbert, Sellaro et al. 2006)

Acids such as peracetic (PAA), sulphuric and hydrochloric can effectively
disrupt cell membranes and intracellular organell&#\ B an oxidising agent and
an effective chemical sterilaifPruss, Kao et al. 1999, Hde and Hiles 2002)
PAA also doubles up as a decellularisation agent with the removal of residual
nucleic acid(Badylak, Tullius et al. 1995s well as being an excellent agent f
inhibiting viruses(Hodde and Hiles 2002)
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1.10 Immune response to biological scaffolds
The immune response to acellular scaffolds involves both the innate and adaptive
immunesystem. They determine the eventual clinical outcome of the scaffolds.
The innate (norspecific) system consists of cells and protdimst are always
present and ready to fight microbes at the site of infection. The main components
of the innate immuneystem include the physical epithelial barriers, phagocytic
leukocytes, dendritic cells, natural killer (NK) cell (granular lymphocyte), and
circulating plasma proteins.

The adaptive (specificystem is activated against pathogens that have
evaded the inrta immune defence systefrhere are two types of adaptive immune
responses; humoral immunity, mediated by antibodies produced by B lymphocytes,

and cellmediated immunity, mediated by T lymphocy{€haplin 2010)

1.10.1 Constructive remodelling versus pronflammatory response to
biological scaffolds

The host cellular response and remodelling outcomes differ amongst the tissue
engineered scaffold and is affected by variables such as the processing steps
involved in creating the scaffold, intended clinical application, tissue source from
which the ECM is harvested and the tissnesvodegradabilityBadylak, Freytes

et al. 2009)

1.10.1.1 Thl versus Th2 lymphoyte response

The T helper (Th) cells have distinct phenotypic polarisation profiles known as Thl

and Th2. Polarisation is a process when cells express different functional programs

in response to signals from tmeicroenvironment (Mantovani, Sozzani et al.

2002) Thl lymphocytes produce cytokines such as interleukirg]linterferon

(IFN)-o, and tumour nkecrbhliis Ifaaxdort  TMEJr op h
stimulation of complement fixing Ab isotypes and differentiation of C&ls to

a cytotoxicphenotype(Abbas, Murphy et al. 1996Activation d this pathway is

associated with transplargjection (Strom, RoyChaudhury et al. 1996)

Th2 lymphocytes produce {4, IL-5, IL-6, and IL-10, cytokines that do not
activate macrophages and that lead to production ofcomplement fixing Ab
isotypes. Activation of the Th2 pathway is associated wéhsjplant acceptance
(Chen and Field 1995, Piccotti, Chan et al. 1997)
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1.10.1.2 M1 versus M2 macrophage response

Similarly, to the TH/Th2 lymphocytes there is also a distinct phenotypic
polarisation profile for the mononuclear macrophages. M1 are macrophages which
possess a primflammatory, cytotoxic phenotype. They are characterised as cells
that promote pathogen kiling and are asated with classic signs of
inflammation. M2 are aninflammatory macrophages. These cells promote
immunoregulation, tissue repair and tissue remode{Masser 2003, Mantovani,

Sica et al. 2005)

These mononuclear macrophages are morphologically similar however
they can be distinguished by their cell surface markedstheir cytokine and gene
expressiorprofiles (Mantovani, Sica et al. 2004, Stout, Jiang et al. 20@b)ats
M1 macrophages are characterized by C88 CD80 cell surface markers.
These cells also produce large amounts of nitric oxide and other reactive oxygen

intermediates as well and copious amounts ofipitammatory cytokines such as

IL-12 and TNFU. Conversely, M2 macmophages
rats. These cells produce high levels ofland TGFb ex pr essi on, pr oduc

amounts of arginase, inhibit release of proinflammatory cytokines, scavenge
debris, promote angiogenesis, and recruit cells involved in constructive tissue

remodelling.

1.10.2 Degradation of biological scaffolds

ECM derived scaffolds which have not been cilodsed rapidly degrade after
implantation. Studies using small intesti submucosa for tendeapair(Gilbert,
StewartAkers et al. 2007and urinary bladder repafRecord, Hillegonds et al.
2001)reported approximately 60% of the mass was degraded and resorbed within
4 weeks of implantation and completely degraded by 3 months.

The duration of the ECM scaffoid vivo in relation to the host imome
response is unknown however recent studies suggest that degradation of the
scaffold is shown to induce constructive host remodelling response. During
degradation low molecular weight peptides are formedvitro analysis have
shown that these peptsl@ave a chemoattractant potential for several cell types,
including multipotential progenitor cell&i, Li et a. 2004). In addition in vivo
studies have shown the recruitment of bammrow derived cells to the

degradation site where they participate in the long term remodelling of the ECM
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(Badylak, Park et al. 2001)Therefore, degradation may actually be a requisite

needed to pave the way for the remodelling events that follow.

1.11 Acellular nerve grafs

A number of methods have been documented for the preparation of acellular nerve
grafts from donor nerve tissue. The most commonly utilised method for
decellularisation of nerve tissue involves physfehles 1972 Gulati 1988, Evans,
Mackinnon et al. 1998, Ide, Tohyama et al. 198B&mical(Sondell, Lundborg et

al. 1998, Hudson, Liu et al. 2004 enzymatic treatmenfgVang, Itoh et al. 2015)

1.11.1 Avance® Nerve Graft

AxoGen Incis the only medical device company tloéfiers comercially available
acellular allografts for peripheral nerve regeneration. Avaherve Graft, an
allograft withlengths ranging between -I/® mmutilises the decellularised ECM
from donated human peripheral nerve tissue. The tissue undergoegation

of treatments including chemical decellularisation (detergent processing) to
selectivdy remove cellular components and debris, and gainradiation for
sterilization. In addition these allografts also undergeVigedlerian degeneration,

an enzymatic digestion of chondroitin sulfate proteoglycan (CSPG). CSPG is a
known inhibitor of axonalgrowth, through acute enzymatic treatment using
chondroitinase the quantity of CSPG can be effectively reduced and therby
increases axonal regeneratighluir 2010) The whole processing technique
renders the tissue neammunogenic whilst preseing the inherent and relevant

structural characteristics of the tissue.

1.11.2 Clinical studies on AvancgNerve Graft

A comparison study between Avaffid@rafts and NeuraGé&mnwas carried out in a
rat sciatic modelThe studysaw regeneration of 20 timenore myelinated axons
in the Avancé Graft. In addition in botH 4 and 28 mm defectihie Avancé Graft
contained significantly more nerve fibres attathie points(Whitlock, Tuffaha et
al. 209). In a subsequent study examining nerve fibre densitgnce graft was
found to have more evenly distributedrve fibres awoss the cross section of the

nerve when compared to NeuraG¢dohnson, Newton et al. 2011)
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Early clinical studies carried about at the Mayo Clinic have demaadtra
that the Avanc®Graft(mean length of 2.23 cnlijas the ability to repair segmental

nerve defects ranging from 0-3cm within the hand and fingers (Figure 1.8).

Figure 1.8 AxoGer? Nerve Graft being used to repair segmental nerve defectsA bilateral
digital nerve injury being repaired (A); nerve graft at 8 weeks following implantation (B).
Reproduced from Karabekmez, Duymaz et al. (2009)

Eight digital and two dorsal sensory nerves were repaired with a fajiow
time of 9 months (Tabld.10). There were no reported cases of infection or
rejection and the grafts may provide an option for segmental nerve gaps beyond 2

cm (Karabekmez, Duymaz et al. 2009)
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No. Injured nerve Etiology Length (mm) Diameter (mm) Follow-up (mm)

1 Digital nerve Laceration 0.5 2 5.5

2 Dorsal sensory branch of the ul Neuroma 1 8.5
excision

3 Dorsal sensory branch of the ull Neuroma 3 2 8.5
excision

4 Ring finger radial digital nerve | Laceration 1 2 12

5 Ring finger ulnar digital nerve | Laceration 3 2 12

6 Long finger radial digital nerve | Laceration 3 2 9

7 Digital nerve Laceration 2

8 Digital nerve Laceration 2

9 Thumb radial digital nerve Laceration 1 2 12

10 Thumb ulnar digital nerve Laceration 1 2 12

AVG 2.15 1.90 8.95

Table 1.10. Summary of ten nerve reconstructions with defect length and follow up values. Reproduced by Karabekmez, Duymaal 2009




Between 2002012 a comprehensive clinical study was carried out from a
multicentre, ewluating the efficacy outcomes fdwanceé® Grafts in sensory,
mixed and motor nerve injuries with a mean graft length of 27+5B0D)5nm. A

total of 108 subjects were involved in the study with 132 nerve repairs, termed the
Utilisation Population (UP). Sidxts that provided sufficient follow up
assessments to evaluate functional outcomes were placed into the Outcome
Population (OP). With both the UP and OP studies there were no reported implant
complications, tissue rejections or any adverse events rétetee use of the graft.

The majority of repairs were digital nerves in the hand (60%) followed by
upper extremity nerves (32%), head/neck region (5%) and lower extremities (3%)
(Table 1.11). Although not all the repairs in the UP reported sufficiemvialip
for outcomes analysis the demographic between the subject, injury and repair found
the OP to be comparable to the UP. Table i@ws on average 89.5% of all
subjects with different nerve injuries reported a positve response to the treatment
using he Avanc® Graft whilst 87.3% achieved meaningful recovery.

No obvious conclusion could be drawn in regards to the relationship
between the nerve type, gap length patient age and outcomes. This may have been
attributed to the number of subjects in egabup, distribution of variables across
the group, or the surgeondés approach. Thi
increased risk of heterogeniety in the datasets; variability between subjects and
injuries and multiple sources of data. Observatishalies were also limited in the

fact that they couldnét be conducted in a
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Nerve

Utilisation population

Outcomes population

Digital

73

48

Median

22

o

Ulnar

[EY
o1

Radial

Peroneal

Musculocutaneous

Anterior interosseous

Facial

Tibial

Sciatic

Spinal Accessory

Posterior Interosseous

Axillary nerve

Ulnar nerve motor branch

i I Y G N IR ST ES

RPIRP|IOIFR|O|O|W|IO|IFRININ|O|F

Total Repairs

132

~
(o]

Table 1.11. Summary of the nerves treated in the Utilisation Population and Outcome Population.

Reproduced by Brooks, Weber et al. (2012)

Nerve Type Number Gap (mm) Response Rate Meaningful
Recovery
Sensory 49 19+8 91.8% 88.6%
Mixed 18 29+12 83.3% 77.0%
Motor 9 29+13 88.8% 85.7%

Table 1.12. Summary of the demographic characteristics of subjects in the Outcome Population.

Reproduced byBrooks, Weber et al. (2012)
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A direct comparison of the clinical results obtained with acellular graft
repairs versus those achieved with NGCs is not possible based on the current
literature. Currently only positive results on the clinical uk&wance® Grafts
have been published whilst there have been mixed results for the commercially
available NGCs. This may skewer the impressions as to which treatment is best for
promoting nerve regeneration. It is important to note tha¢xiperimental stdies
to date have only investigated srdithmeter, small gap defects and future studies
still need to be undertaken to compare acellular grafts to autograft and NGCs. A
major factor that limits such studies is the identification of a-dost acellular
nerve graft that is both comparable to commercially available acellular nerve grafts,

and beneficial for laboratory use.

1.11.3 Use of xenogeneic acellular nerve grafts

I n recent yearsd focus has shifted i
grafts due to ease of harvesting and availability. The use of xenogeneic material
has been used in a variety of biomedical applications such as heart(Baods
Korossis et al. 20023nd tissue patches such as and Matri&temulcer repairs
(Badylak and Gilbert 2008)

When wused <clinically, xenogr-@aft s
epitopes found in some unmodified xenogeneic tissue, which can trigger an
immune response. Toremove ttep e nt i a |-Gat epitopes tissuesfcan be
crosslinked i.e. with glutaraldehyde or enzymatically treatedt -haladibsidase
(Badylak and Gilbert 2008)This enzymatic treatment has been shown to
effectively remove thé&}Gal epitope from both porcine cartilage and ACL tissues
(Stone, Ayala et al. 1998, Stone, Abdlébtal et al. 2007, Stone, Walgenbach et al.
2007) Table 1.13 shows the clinically available xenogeneic producise si

which have been cr eCalepitope.k ed t o remove

n

do

t

t

he

he



Species/Tissue origin Crosslinking
Oasi sE, SurgisisE Cook Porcine small intestinal submucosa n/a
RestoreE (DePuy Ort hop a]|Porcinesmallintestinal submucosa n/a
CuffPatchE ( Or ganogenesi s, I | Porcine small intestinal submucosa Carbodiimide
Acell Vet (Acell, Inc.) Porcine urinary bladder basement membr| n/a

and mucosa
Zi mmer Coll agen Repair Porcine dermis Isocyanate
TissueMencP (Stryker) Bovine dermis Proprietary
Mosaic®, Freestylé® (Medtronic, Inc.) Porcine heart valve Glutaraldehyde
OrthAdaptE (Pegasus, | n | Equine Pericardium Proprietary

Table 1.13. Source tissue and processing methods for commercially availblevices produced from extracellular matrix scaffold material.
Reproduced from Badylak and Gilbert (2008)
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Acellular xenogeneic nerve tisstrem rat, rabbit and pigeas been widely used
for peripheral nerve studies. Several studies have demonstnatedenhogeneic
nerve tissue possess an ECM and basement membrangethatas physical
guidance cues for axonal growthutmann and Sanders 1943, Osawa, Tohyama et
al. 1990, Hudson, Liu et al. 2004, Whitlock, Tuféaet al. 2009, Zhang, Luo et al.
2010)

1.11.4 Limitations of acellular nerve grafts

The Avancé@ nerve graft has shown to be superior over the comercially available
NGCs in promoting nerve regeneration. Nonetheless, like with the autografts and
comerdally available NGCs, the acellular graft does have limitati®hs.Avanc&

Nerve Graft uses human nerve donor tissue, wikifitaught with complications in
terms of gaining approval and costlasy need to be kept frozen until implantation,
which can ceate additional overhead costs.

Clinical studieshave showmvancé€ to be an effective nerve substitute,
however the graft only supports nerve regeneration over limited distamces60
mm) (SehebAl-Zamani, Yan et al. 2013)n addition,when compared to native
nerve autografts the Avarftegraft still only possessed reduced regenerative
capacities. It was demonstrated that the number of fibres supported by the®Avance
graft was only 30% of thaupported by autograf(gvhitlock, Tuffaha et al. 2009)

The limited regeneration in acellular grafts is due to the grafts dependency
on in situ Schwan cells to support axonageneratior(Moore, MacEwan et al.
2011) It has been proposed that populating longer acellular nerve grafts places a
greater proliferative demand on in situ Schwan cells, which may cause them to
senescé€SahebAl-Zamani, Yan et al. 2013Although the acellular graft length
seems to be limited by the Schwann cell migration problem, the critical gap size is
not yet knownThere are reports of acellular grafts up to 70 mm in length currently
beingutilisedfor clinical nerve reconstructidsut in the absence of supporting data
(Moore, MacEwan et al. 2011)

To improve axon regeneration amctend the workable length of the
acellular graft focus has shifted to repopulating the graft with suppitst @éth
this come many new challenges such as identifying the cell type, isolating and

proliferating this cell, and seeding the cells into the acellular material.
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1.12 Importance of cellular therapies for nerve regeneration

The similarities between thdeveloping and regenerating nerve such as axon
outgrowth and myelination may seem that regeneration recapitulates development.
During development axons serve as a template to guide Schwann cell migration,
establishing a Schwann cealkon unit, a charactestic of a mature myelinated
nerve. Conversely in the regenerating nerve, axons migrate into an environment
where Schwann cells are alreadysitu. Furthermore the molecular events in the
Schwann cell vary in the developing verses the regenerating (\@mstein

1999) Schwann cells therefore play a crucial role in supporting axonal growth and
migration following PNS injury.

Several invesgjations have highlighted the close relationship between
Schwann <cell s and ankooMorrig sludson i al.el§7@,ner at i n ¢
Brushart 2011) A study conducted by Enver and Hall (1994) used mitomycin C
to block Schwann cell proliferation in the proximal and distal stumps in rats with
inserted muscle basal lamina grafts. It was discovétratdin the absence of cell
migration axonal outgrowth was delayed until the Schwann cell population
recovered from the anmitotic drug(Enver and Hall 1994)Iin another study by it
was revealed that axons enter acellular grafts only when associated with co
migratory Schwann celld~eneley, Fawcett et al. 1991)

1.12.1 Role of Schwann cells in nerve regeneration

The exact underlying mechanism through whichv@ain cells and damaged axons
communicate is poorly understood. It has been suggested that interactions between
neurotransmitters and their upregulated receptors may be involved. Inhibition of
the neurotransmitter acetylcholine to its receptor saw a decrieagsxonal
regeneratior(Vrbova, Mehra et al. 2009Another study states that the Fhike
receptors, expressed by Schwann cells act as mediators between the Schwann cells
and degenerating axons to stimulate &atn and immune cells to clear myelin

and start the repair procg€3oethals, Ydens et al. 2010)

Following PNS injury Schwann cells become activated, undergoing a
phenotypic change from myelinating to growth sutige to help lead regenerating
axons towards the distal nerve stump. This phenotype switch is associated with the
up-regulation of several growth associated genes including neurotrophic factors
(P75 NTR, GFAP, GARI3 and netrifl), cell adhesion moleculesd receptors
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including IL-1, N-cadherin, gamma integrins and neural cell adhesion molecule
(N-CAM) (Rodrigues, Rodrigues et al. 2012)These molecules help support
axonal migration and recruit further cells sueh macrophages, mast cells and
activated endothelial cells into the injury gi¢all 2005, Walsh and Midha 20Q9)
Activated Schwan cells also provide a supportive environment by producing
collagen and laminin which yields Schwann cell proliferatiofil{4times the
original number seen in normal nervfaly, Yao et al. 2012)and form
longitudinally orientated strands (bands of Blingner) that guide regrowing axons
(Bunge 1994)

If the axonal contact is not +Hestablished or the gap length increases
Schwann cell migration, proliferation and alignment decreases and the growth
supportive environment cannot be maintained due to the cells losing their ability to
express regeneratiaassisting genes. As the capaatyhe denervated distal nerve
to support axonal regeneration is dependent on proliferating Schwann cells this
translates to poor reinnervation outcon@&lsh and Midha 2009)n an attempt
to aid the regenerative cellular response to injury and to help stimulate nerve
regeneration across long peripheral nerve defects cellular based therapies are

consdered essential for nerve repair.

1.12.2 Use of cellular therapy in nerve tissue engineering applications
Schwann cells have been used in synthetic
acellular nerve tissue to improve functional recovery, regenerasiod

remyelination of injured peripheral nerves.

1.12.2.1 Current cellular therapy for NGCs

Several different methods have been implemented to introduce cells into the
conduit. These include injection, suspension within an intraluminal hydrogel,
distribued along intraluminal guidance structures or released from the luminal
wall. Hydrogels (alginate/fibronectin, gelatin, collagen and Matrigel) are
commonly used as supporting substrates to deliver Schwan cells into the lumen of
NGCs.Schwann cells have besuccessfully implanted in a number of studies with
varying effects on nerve regeneration and functional recovery (Table 1.14).



Cellular Conduit Animal Gap Major findings Reference

Components Material model length

Schwann cells (syngeneici PLGA coated with | Rat sciatic nerve 2cm Increased nerve regeneration (Cheng and Chen 2002)
biomembranes

Schwann cells (syngenei{ PAN/PVC copolymer | Rat sciatic nerve 8 mm Successful nerve regeneration conditiong (Guenard, Kleitman et al. 1992)

heterologous) number of cds implanted

Schwann cells (syngeneic| Collagen (type I/111) Rat sciatic nerve 20 mm Axonal regeneratio (Stang, Fansa et al. 2005)

Transduced Schwann cel PHB Rat sciatic nerve 10 mm Increased  regeneration  process (Mosahebi Woodward et al. 2001)

(syngeneic) enhanced axonal regeneration rate

Schwann cells (autologoug Silicone Rat sciatic nerve 10 mm Regeneration of nerve fibres (Nilsson, Dabhlin et al. 2005)

Schwann cells (allogeneic
plus FK-506

Collagen

Mouse sciatic nerve

0.6 cm

Successful regeneration and functio

recovery

(Udina, Rodriguez et al. 2004)

Schwann cells Bioactive poly (L= | Rat sciatic nerve 1.2cm Increased nerve regeneration (Evans, Brandt et al. 2002)
(allogeneic) lactic
acid)
Schwann cells L-l acti de - | Ratsciatic nerve 1.2cm Axonal regeneration (Koshimune, Takamatsu et al. 20Q
caprolactone
Schwann cells (syngeneic| Reinforcel collagen Rat sciatic nerve 1.8cm Successful nerve regeneration conditiona (Ansselin, Fink et al. 1997)
number of cells implanted
Schwann cells and Hollow PLGA/silicone| Rat sciatic nerve 10 mm Significant increase in nerve regeneratior] (Chang, Hsu et al. 2005)

ultrasound

NGC

Table 1.14 Use of Schwann cells to help stimulate nerve regeneration in nerve guide conduits. Reproduced from Jiang, Lim.¢2810); Daly,Yao et
al. (2012) and RodriguesRodrigues et al. (2012)
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1.12.2.2 Current cellular therapy for acellular nerve grafts

The current studies which use acellular grafts in conjunction with cellular therapy
to promote regeneration are summarisedable 1.5. Several studies reported
significant regeneration as well as structurally and functional repair with the
inclusion of cell{Nishiura, Brandt et al. 2004, Hess, Brenner et al. 2007, Hu, Zhu
et al. 2007, Zhang, laiet al. 201Q)

However other studies reported little effect of adding Schwann cells to
acellular graft materigFrerichs, Fansa et al. 2002, Fansa and Keilhoff 2004, Fox,
Schwetye et al. 2005)A reason for tis could be that in situ Schwann cells
migrating from the host stumps are able to cross short distances and provide
sufficient regeneration despite the addition of exogermalis When Schwann
cells migrate over long distances, such as in the casegefdap models (>20 mm
Téocritical gap6), nerve regeneration
of acellular grafts may be of greatest clinical use for large gaps, rather than those

with adequate host Schwann cell migratibiadim, Anderson et al. 1990)

f
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Cellular component | Acellular graft Model Gap length | Findings Refererce
Autologous Schwann| Macaca Macaca fasciculari§ 60 mm Significant regeneration (Hess, Brenner et al. 2007)
cells fascicularis ulnar | primate ulnar nerve across injury gap
nerve
Autologous non | Rhesus monkey | Rhesus monkey ulng 40 mm Structural and functionally repair after 6 months. | (Hu, Zhu et al. 2007)
hematopoietic MSCs | sciatic nerve nerve
branches
ADSCs Pordne nerve graff Rat sciatic nerve 10 mm Basal lamina of graft interacted with cells to fol (Zhang, Luo et al. 2010)
longitudinal cell alignment that resemble bands
Blnger
Skin-derived Rat sciatic nervgq Rat sciac nerve 12 mm Nerve graft supported axonal elongation to the s{ (Walsh, Biernaskie et al. 2009)
precursor cells pre | graft extent as autograft, as well as providing a
differentiated regeneration, myelination and electrophysiolog
towards a Schwann recovery.
cell phenotype (SKR
SCs)
Schwann cells Rat tendon nervq Rat sciatic nerve 10 and 15 Myelination was significantly increased in 10mn| (Arino, Brandt et al. 2008)
graft mm defects. No difference was seen in the 15 mm def
Isogenic Schwann Rat muscle graft | Rat sciatic nerve 20 mm Systematic and organized regeneration incluq (Fansa and Keilhoff 2004)
cells proper orientation of regenerated fibers.
Autologous Schwann | Rat tibial nerve| Rat sciatic nerve 15 mm Regeneration without evidence of rejection but | (Fox, Schwetye et al. 2005)
cells grafts addition of cultured Schwann cells showed
additional benefit for nerve regeneration
Isogenic Schwann Predegenerated | Rat sciatic nerve 20 mm Predegenerateaitellular nerve grafts showed super| (Frerichs, Fansa et al. 2002)
cells acellular and results in axon density and histological appears
acellular rat sciatic compared to acellular graft. Inclusion of cells did
nerve grafts show any significant improvement
Adult Schwann cells| Tendon autografts| Rat sciatic nerve 10 mm Addition of cells to the two graft models improvq (Nishiura, Brandt et al. 2004)

from predegenerated
rat sciatic nerves

excised fom rat
tail. Freezé
thawed muscle

graft

regeneration by increasing the rate of axd
outgrowth when compared with grafts without add
cells.

Table 1.15.
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Studies conducted using cellular therapy in acellular grafts to help stimulate nerve regeneration
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1.12.3 Introduction of cells into acellular grafts

The current approaches in repopulating acellular nerve grafts involve injection of
cells usng a syringe into the ends of the giaft/itro. The reseeded grafts are then
transplanted into am vivo animal mode and harvested at a later time point for
histological analysis (Brenner et al 2005; Fox et al 2005; Hess et al 2007). These
animal moded are useful in revealing aspects of PNS development as well as nerve
regeneration after injury.

When working with acellular tissue it is important to establish a suitable
approach to seeding cells into the graft. Previous methods using Schwann cells in
acellular grafts have found mixed results. These inconsistencies may be attributed
to the different cell seeding methods that have been implemented (Brenner et al
2005; Fox et al 2005; Hess et al 2007). A study by Jesuraj, Santosa et al. (2011)
establisheda systematic approach to seeding Schwann cells in cold preserved
acellular grafts (Figure 1.9). It was discovered that aegpibeurial injection with
a 27gauge needle at a cell concentration of £kBQIL resulted in the highest
viability of cells withthe least damage to the epineuri(lasuraj, Santosa et al.
2011)

Figure 1.9.In vitro set up nmodel for Schwann cell injection into acellular graft.The proximal
(P) end of the graft was sutured to a sterile syringe bent to form a hook and secured under the
microscope (A). Using a Hamiltd¥ syringe, Schwann cells were injected longitudinally urtider
epineurium of the distal stump (B and C). Figure reproduced Jesuraj, Santosa et al. (2011)
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To determine whether the injection was succes3éduraj et al. (20113lso
developed a method to track seeded Schwann cells prior to graft implambation
decrease the probability of experimental error such as low Schwann cell numbers
due to injection error. The use of Qtrackdye allowed the qualitative assessment

of Schwann cell injection into the graft by fluorescence microscopy (Figure 1.10).

Figure 1.10. Sagittal sections of acellular grafts post injectioiGrafts injected with 1x10(day

0 (A), day 1 (B), day 3 (C)and 1x16 (day 0 (D), day 1 (E), day 3 (F)) cells were frozen and
sectioned for stereological counts. The presence of cellsavdisrced with cestaining of DAPI
(blue) and Qtracké&rin the sections. Scale bar at 1.5mRigure reproduced frodesuraj, Santosa
et al. (2011)

1.13In vitro acellular nerve model
Acellular grafts have been used vivo and have shown to outperforthe

commercially available NGCs in terms of nerve regeneralionivo studies with
reseeded acellular grafts have shown that they promote regeneration over longer
distances.However, understanding the molecular, biochemical, and biological
changes thatazur in vivo during reinnervation is difficult, due to the inherent
complexity of the regeneration process. These include the influence of Schwann
cells, the impact of local inflammation, and the humoral resp¢Gsegras,
Bergeron et al. 2003)

In vitro models have value in a number of argeduding developmental
biology, disease stlies and the design of devices and scaffolds for peripheral nerve
repair(Daud, Pawar et al. 201Xy urrent studies involve the use of collagen gels
and sponges which have shown to support axon ingrowth and Sthuedn
proliferation(Allodi, GuzmanLenis et al. 2011as well as myelinatiofGingras,
Beaulieu et al. 2008A study by Daud, Pawar et al. (2012) develop&Din vitro
peripheral nerve model using aligned electrospun polycaprolactone fibre scaffolds
showed aligned neurite formation with dorsal root ganglion explants and co

localisation ofSchwann cells with the neuritfpaud, Pawaet al. 2012)



57

A 3D acellular nerve graft model can prove beneficial in understanding how
cells interact, migrate and proliferate within the nerve maliite acellular nerve
model can also be used abasis for the study of perfused flow within thestie
for the introduction of Schwann cells. A study by Sun, Nogbml. (2007) for
evaluating nerve guide conduits seeded with Schwannoma cells found that a
continuous flow increased total cell number by-@I8l verses static culturg&un,
Norton et al. 2008)

1.14 Conclusion

In conclusion, the PNS plays a vital role in everyday life, helping process changes
in the environment through sensory and motor receptors. When injured peripheral
nerves have the capacity $pontaneously regenerate, however this is limited to
relatively short distances of less than 5mm. For larger nerve gaps, autografts are

considered the fAgold standardo treat ment ;

morbidity and the need for multipleigeries.

Scientsshave taken advantage of the PNSOs

regenerate and developed a small number of clinically approved natural and
synthetic nerve guides to treat larger nerve injuries. These devices help guide axons
between theinjured nerve stumps by providing a guidance cue; however,
drawbacks include batch variation, degradation rates and breakdown products. The
efficacy of these nerve guides are also not comparable to autograft and are limited
to treating injuries up to 20 mm

Current investigations into peripheral nerve repair have found a link
between the role of cells and surface topography in the regeneration process.
Peripheral nerve cells need an environment that can provide them with physical
guidance such as the bagaimina and ECM. These naellular components
provide precise guidance for axonal regeneration as well as cues that influence cell
migration, proliferation and differentiation. Research has now turned to developing
techniques in which cell scale topogrgatan be incorporated into nerve guides.
Decellularisation is a processing method in which native nerve tissue can be used
to produce a neimmunogenic acellular nerve graft whilst retaining its -non
cellular componentsDespite their inherent native neregchitecture acellular

nerve grafts are still not comparable to the autologous graft in terms of the
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regenerative distance. This is thought to be due to the exclusion of support cells
such as Schwann cells within the graft.

Schwann cells play a vitable in peripheral nerve regeneration and are
important in synthesising several components of the ECM including laminin,
collagen and proteoglycaria.vivostudies using acellular nerve grafts have shown
that cell seeded scaffolds promoted better nezgeneration compared to controls
(unseeded scaffolds), however they are only effective when treating long nerve gap
injuries (>20 mm).

Lessis knownhoweverknown on the migratory pattern and proliferation
of cells when seeded into the acellular graftwbuld therefore be of value to
develop anin vitro 3D model using the acellular nerve as a scaffold for the
introduction of primary Schwann celBrimary cells are the best representation of
cells foundin vivo, maintaining many of the important markensd functions.
Therefore, the data obtained frothesein vitro models are more likely to predict
the phenomena occurring vivo during nerve regeneration than any other cell
line-based model@Geuna, Raimondo et al. 2015)

The migration and survival of these cells within the scaffold are dependent
on the maintenance oiutrient diffusion throughout the scaffold (Sun, Norton et
al. 2005). In situ peripheral nerve cells receive constant nutrients from blood
vessels which are located within the epineurium. Therefore, for primary Schwann
cells growing on scaffolds it iskely that continuous perfusion with medium will
better support metabolic activity and proliferation (Sun, Norton et al. 2008).

Based on the literature is hypothesised that an acellular nerve graft can
serve as a superior alternative to the currentngernially available nerve guides
due to its intact surface topography and natural ECM components. It is further
postul ated that acellular grafts coul
addition of cell therapy to treat nerve gap injuries beydddnm. Nonetheless
further research is still required into creating a low cost, reproducible nerve graft
which can also support the growth of Schwann cells for the study of nerve

regeneration over long distances.

d

ma |
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1.15 Aims and Objectives

Aims:

The aims of this study were to develop an acellular, biocompatible porcine
peripheral nerve graft. The acellular graft would then be ased basis for the

study of perfused flow within the tissue for the introduction of primary Schwann
cells, as the delivg of such cell types is reported to improve nerve cell
development. Subsequentipe acellular and recellularised grafts would be
implanted in a rat sciatic nerve model to assess axonal regeneration across the

grafts.
Objectives:
To develop and optimisa process for the decellularisation of porcine peripheral

nerves

To assess the effects of the decellularisation process on the nerves
histioarchitecture and the total amount of DNA left within the tissue

To assess the biomechanical properties and gsepce of specific matrix proteins

within the graft

To determine the vitro biocompatibility of the acellular graft

To define conditions for the introduction of primary Schwann cells into the

acellular nerve graft

To develop a bioreactor for the studfyperfusion within the graft

To analyse axonal regeneration within graft post implantation
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Chapter 2. Materials and Methods

2.1 Materials
2.1.1 Equipment

The equipment and suppliers used in this study are listed in Table 2.1

Equipment Model Supplier
Automatic pipettes Gilson P16P1000 Anachem Ltd.
Balances GR200/GX2000 Jencons PLC
Bench top centrifuge | 5415R Eppendorf
Bose tensile testing - Electroforce test
machine instruments

Callipers

Fisher Scientific

Centrifuge machine

Harrier 15/80

SANYO Biomedical
Europe BV

Class Il laminar flow
cabinet

Heraeus 85

Kendro

COz2Incubator

MCO-20AIC SANYO

Biomedical Europe BV

Confocal microscope

LSM510 META

Carl Zeiss Ltd.

hood

Cryostat CM1850 Leica

Digital camera Image pro Plus v 5.1 Media Cybernetics
Freezer (20°C) Electrolux 3000 Jencons Plc
Freezer (80°C) R 404A VWR

Freezedryer - Cole-Parmer
Fridge Electrolux ER8817C Jencons Plc

Fume cupboard/fume | - Whiteley

Histology water bath MH8515 Barnstead Electrothermal
Hot plate E18.1 hotplate Raymond A lamb
Microliter syringes 10 pL cemented needles | Cole Parmer

Micro plate Multiskan spectrum Thermo Scientific
spectrophotometer

Microscope (upright) BX51 Olympus, UK
Microtome RM2125 RTR Leica Microsystems
Microwave (800 watt) | KM19W, 800w PROLINE

Mounted needle agar scientific
Nanodrop ND-100 Labtech Int
spectrophotometer

Orbital shaker

Grant PSUL0i

Scientific Laboratory
Supplies

Oven OMT225 SANYO Biomedical Europe BV
pH meter Jenway 3010 VWR International
Phase contrast] CK40 Olympus

microscope
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Pipette boy

Acu

Intergra Biosciences

Plate reader

Multiskan Spectrum 1500

Thermo

Plate shaker

IKA KS130 basic

Jencons Plc

Masterflex ® L/SPump

Cole Parmer

Tissue embedder EG1150 Leica Biosystems
Tissue Processor TP11020 Leica Microsystems
Vortexer TopMix FB15024 Fisher Scientific
Water bath Grant Jencons Plc

Table 2.1 Equipment used throughout the study

2.1.2 General consumables
The general consumables and suppliers used in this study are listed in Table 2.2

ltem Model/Size Supplier

Bijouxs 5mL Scientific Laboratory
Supplies

Surflo Straight I.V. 24 g x 0.75 x50 Terumo

Cannula (Yellow)

Centrifuge tubes 50 mL Thermo Fisher Scieritc
Laboratory

Falcon cell strainer | 40 um Becton Dickenson

Filter paper Whatman® Grade$-5 Whatman International Ltd

Flat-bottomed 96 - Scientific Laboratory

well plate Supplies

Forceps - R.A. Lamb

Glass coverslips - Scientific Laboratory
Supplies

Haemocytometer Labtech

Histology cassettes

CMB-160-030R

Thermo Fisher Scientific
Ltd

ImmEdge H-000 Vector Laboratories

Hydrophobic

Barrier Pen

Magnetic stirrer Stuart SB161 Scientific Laboratory
Supplies

Microtome blades SD3050835 Fisher scientific

Parafilm M - SigmaAldrich

Petri dishes 35 mm IWAKI

Pharmed tubes BPT NSF51 Cole Pamer

Pipette tips (non
filtered)

10 pL, 20 pL, 200 pL, 1000

Star Labs

Plastic syringes

pL, 5000 pL

Scientific Laboratory
Supplies

Plates (24 wells)

Corning Incorporated

Scalpel blade

Size 22

Fisher Scientific

Sterile containers

60 mL, 150 mL, 250 mn

Scientific Laboratory
Supplies

Sterile syringe filter

0.2 ym
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Stripette |5mL 10mL,25mL

(disposable pipettes)

SigmaAldrich

Superfrost plus -
microscope slide

Scientific Laboratory
Supplies

Sutures Ethicon30, 40 and 160 Ethicon (Johson&Johnson
Prolene Ltd)

Syringe needles Thermo Fisher Scientific

Tissue culture flasks | 25 and 75 crm Thermo Fisher Scientific Ltc

Universals 25 mL Scientific Laboratory

Supplies

Table 2.2 General consumables used throughout the study

2.1.3 Chemicals andeagents

The chemicals/reagents and suppliers used in this study are listed in Table 2.3

Chemical/Reagent Supplier

1,9 dimethylene blue SigmaAldrich
Acetate SigmaAldrich
Acetone European Bios
Acetic acid Thermo Fisher Scientific Ltd
Alcian blue Atom scientific
Amphotericin B SigmaAldrich
Aprotinin (10, 000 KIU.mL ) Nordic Pharma
Aqueous periodic acid solution, 0.1% Sigma
Benzonase Nuclease Novagen

Bovine pituitary extract SigmaAldrich
Bovine serum albumin SigmaAldrich
Calcium chloride Sigme-Aldrich
Chloramine T SigmaAldrich
Chloroform Genta Medical
Chondroitin sulphate B SigmaAldrich
Citric acid (monohydrate) VWR International
Collagenase | SigmaAldrich
Collagen gel (rat tail) SigmaAldrich
Cyanoacrylate contact adhesive SigmaAldrich
DAPI s t addiamidin¢-2-ghenglindole | SigmaAldrich
dihydrochloride)

Diastase SigmaAldrich
Di-sodium hydrogen orthophosphate VWR International
DMSO SigmaAldrich

DPX mountant

Thermo Fisher Scientific Ltd

Dul beccobés modi fi ed HBiosera

Dul beccobds PBS tabl et]|Oxoid

EosinY VWR International

Ethanol Thermo Fisher Scientific Ltd

Ethylenediaminetetraacetic acid (EDTA)

Thermo Fisher Scientific Ltd
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Ferric ammonium sulphate (iron alum) BDH
Fibronectin SigmaAldrich
FITC conjugated secondary antirabbit | SigmaAldrich
antibody

Foetal Calf Serum Biosera
Formalin solution, neutral buffered, 10% SigmaAldrich
Formic acid SigmaAldrich
Forskolin SigmaAldrich

Gentamycin sulphate

Merck Millipore

Giemsa Solution

VWR International

Gills no 3 Haematoxylin Sigma
Glacial acetic acid VWR International
Gold (Ill) chloride Sigma

Harris Haematoxylin

Thermo Fisher Scientific Ltd

Hexane

ProLab Scientific

Hydrochloric acid

VWR International

Hydrogen peroxide (30% v/v)

SigmaAldrich

Industrial methylated spirit

Biostain Ready Reagents

Isopropyl Alcohol

GPR

Laminin solution (1mg mL"1) SigmaAldrich
Leica cryofact disinfectant Ecolab

L -glutamine Invitrogen
Liguid nitrogen BOC

Magnesium chloride hexahydrate

Thermo Fisher Scientific Ltd

MEM - D-valine

labtech

Methanol SigmaAldrich

Mi |l erds stain Raymond A Lamb
MTT reagent SigmaAldrich
Neutral buffered formalin (10% w/v) Genta Medical

N2 supplement Invitrogen

OCT embedding matrix R.A. Lamb

Oil Red O solution Sigma

Oxalic acid VWR International
Papain SigmaAldrich
Paraffin wax Thermo Fisher Ltd
Paraformaldehyde solution SigmaAldrich
p-dimethylaminobenzaldehyde SigmaAldrich
Phosphate buffered Saline (PBS) tablets Oxoid

Penicillin- Streptomycin SigmaAldrich
Peracetic aad SigmaAldrich
Perchloric acid (60%) BDH

Picric acid SigmaAldrich

Potassium permanganate

Thermo Fisher Ltd
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Poly-L-lysine (0.01% (wt/vol), mol.wt. 70,000
150,000)

SigmaAldrich

Polymyxin B Merck Millipore
Porcine trypsin SigmaAldrich
Propan-1-ol VWR International
Rabbit anti-GFAP delta antibody (ab28926) | abcam

Rabbit anti-p75 NGF receptor antibody| abcam

(ab38335)

Rabbit anti-S100 antibodyastrocyte marker | abcam

(ab868)

Schiffdés reagent SigmaAldrich
Silver nitrate Sigma

Sirius red

VWR Intemational

Sodium acetate

Thermo Fisher Ltd

Sodium azide 1% solution

G Biosciences

Sodium chloride

Thermo Fisher Ltd

Sodium di-hydrogen orthophosphate

VWR International

Sodium dodecyl sulphate

Invitrogen Life Technologies

(anhydrous)

Sodium formate SigmaAldrich
Sodium hydroxide Thermo Fisher Ltd
Sodium  phosphate dibasic (NaHPO4) | SigmaAldrich
(anhydrous)

Sodium phosphate monobasic (NatPO4) | SigmaAldrich

Sodium thiosulphate pentahydrate

VWR International

Trans-4-hydroxy-L -proline SigmaAldrich
Trypsin-EDTA solution SigmaAldrich
Triton X -100 BDH
Trizma base SigmaAldrich
Tween-20 BDH

Vancomycin hydrochloride

VWR International

Wei gertdéds haemat oxyl i
Solution A
Solution B

Atom Scientific

Xylene

Biostain Ready Reagents

Table 2.3 Chemicals ad reagents used throughout the study
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2.1.4 Kits

The kits used in this study are listed in Table 2.4

Kit Catalogue Supplier
Number
Cell Tracker ™ C34552 Life Technologies
Red CMTPX
Dye
DNeasy Blood 69504 QIlAgen
& Tissue Kit
Table 2.4. Kits used throughout the study
2.1.5 Cells
The cells used in this study are listed in Table 2.5
Cells Species Supplier
Primary Schwann cell Rodent Isolated using a selective-aline

protocol (Kaewkhaw, Scutt et a
2012

Dermal Fibroblast

Human;isolated from donor skin o
abdominoplasty or breast reductig

Donated from pients of the
Royal Hallamshire Hospita
Sheffield; in accordance with loc
ethically approved NHS
guidelines and under HT/
Research Tissue Bank licen
number 12179 regulations

RN22 Schwann cell

Rodent

European Collection of Ce
Cultures (ECACC, batcimumber
93011414)

Table 2.5 Cells lines used throughout the study
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2.16 Animal tissue
There were no ethical issues in the procurement of the atisaaéthroughout

this study

2.16.1 Porcine legs

Porcine legs, fromarge white Yorkshire pigs (2426 weeks old) were obtained
from a local abattoir (John Penny & Sons, Leeds, United Kingdom) within 24 hours
of slaughterThe legs were stored at 4°C until required for dissection

2.16.2 Rat sciatic nerve

Male Wistar rats (102 weeks oldyvere killedon the dayby a Schedule 1 method
(cervical dislocation) according to the regulation of the Animals (Scientific
Procedures) Act 1986.

2.1.7 General chemical stock solutions

2.17.1 Phosphate buffered saline (PBS)
Five PBS tablets were dissolved in 500 mlddtilled water and the pH adjusted
to pH 7.47.6. The solution was sterilised by autoclaving and stored at room

temperature until needed.

2.17.2 Sodium hydroxide solution (6M)
Dissolve 120 g of sodium hydroxide into 500 mL of distilled water. Storecam r

temperature for up to three months
2.1.8General cell work reagents/solutions

2.18.1 Collagenase solution

Make a 0.05 % (w/v) collagenase solution by dissolving 5mg collagenase powder
inl0mLserurf r ee Dul beccods Modi fiedfrdsSmgl es
on the day of the experiment and fit&terilize using a 0.2 um syringe filter.

2.1.82 Forskolin stock solution
Dissolve 10 mg of forskolin in 1 mL of DMSO to prepare a 25 mM stock solution.

Store the aliquots a0 °C for up to one month.

Me c
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2.1.83 Cell culture medium for fibroblasts and RN22

The standard cell culture medium used for fibroblast and RN22 cells was

Dul beccods modi fied dérdaingeld % (vimeF€EQ0m ( DME M)
U/mL penicillin/ 100 pg. mt! streptomycin, 0.25 pg. mtamphoteicin and 2 mM

L-glutamine.The culture medium was stored at 4 °C for up a month.

2.1.84 Cell culture medium for purification and expansion of primary
Schwann cells

The initial cell culture medium used for Schwann cell purification and expansion
was Minimum Essential Medium (MEMijd-valine containing 10 % (v/v) FCS, 2
mM glutamine, 1 % (v/v) N2 Supplement, 20 pg/mL (w/v) bovine pituitary extract,
5 uM forskolin, 100 U. mL? penicillin 100 pg. mE?! streptomycin and 0.25 ug.

mL* amphotericin B. The cultur@edium was stored at 4 °C for up a month.

Once purity of Schwann cells was determined by immunolabelling cells with
S100b marker, bovine pituitary extract an
from the media, however for high Schwann cell purity and nurfeogkolin needs

to be present.
2.2 Methods

2.2.1 Histology techniques

2.2.2.1 Cryeembedding

Tissue samples (porcine) were dropped in liquid nitrogen to snap freeze. The frozen
samples were then orientated in the correct position in plastic moulds and
embedded with OCT embedding mix. Samples were then transferre@dc’@

freezer to set.

2.2.2.1.2 Tissue sectioning of cry@mbedded samples

The cryeembedded tissue samplegre sectioned using @ryostat The frozen
tissues embedded in OCT werene/ed from the fastic mould and placed on the
Peltier Ghuck inside the cryostat in the required orientation. The tissue was
sectioned at 10 um. The tissue sectimase collected onto Superfrost Plsdides.
These slides were electrostatically charggaréwent the sections from floating off

the slides during staining. The slides were then put on a drying rack and left to dry
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overnight at room temperature. The prepared slides were stor2@ &€ until

further use.

2.2.2.2 Paraffin embedding

Tissue smples were immersed in 3.7 % (v/v) formaldehyde for 24 hours. In the
case of porcine tissue, 1 cm segments were cut from either end of the nerve whilst
for rat sciatic nerve 30 mm segments were cut from either end of the nerve. The
samples were them placad plastic cassettes were then dehydraiedan
automated tissuprocessn The tissue processor sequentially immersedissae
samples in: two consecutive one hour immersions in 70 % (v/v) industrial
methylated spirit MS f ol | owe d b ysioain&80,85,9003% Uoi(ve/)d0 |1 mme
IMS respectively. This was followed by two consecutive 1.5 hour immersions in
100 % (v/v) IMS, two 1.5 hour immersions in xylene and lastly two consecutive
two hour immersions in paraffin wax. The cassettes were transfesreuh
embedding station containing hot wax at 60 °C. Samples were removed from the
cassette and orientated in metal wax block moulds using forceps and then fully
covered in wax. The wax blocks were then left to cool and solidify on ice-(one
two hours), ace set the blocks were removed from the metal moulds and the excess

wax around the edges was trimmed.

2.2.2.2.1 Tissue sectioning of paraffin embedded samples

Paraffin embedded tissue samples were sectioned using a microtome. For porcine
tissue the thickess of the tissue sectioned ranged freh® um. For rat tissue the
thickness of the tissue sectioned ranged freh 4m. The tissue sectiongere
transferred to a water bath set at 37 °C and collected onto SuperfréssiRies.

These slides were elegstatically charged to prevent the sections from floating off
the slides during staining. The slides were then put on a drying rack and left to dry
overnight at room temperature. The prepared slides were stored at room

temperature until further use.

2.22.2.2 Dewaxing, rehydration and dehydration of paraffin embedded
samples

Slides containing the tissue sections were dewaxed by two consecutive immersions
in in xylene, ten minutes each time. The slides were then submerged three times in

100 % (v/v) IMS forthree, two and one minutes respectively. The samples were
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them placed in 70 % (v/v) IMS for one minute before being rinsed in slow running

tap water for three minutes.

2.2.2.2.3 Dehydration and clearing of paraffin embedded samples

Following staining he tissue sections the slides were then dehydrated and cleared
by placing them back in 70 % (v/v) IMS for five seconds and then sequentially
immersing them thrice in 100 % (v/v) IMS for one, two and three minutes
respectively. Finally, the slides were sudnged in xylene twice, for ten minutes
each timeEach slide was then mounted using DPX mountant and a coverslip and
left to dry overnight in a fume cupboard

2.2.3 Histological staining methods

2.2.3.1 Haematoxylin and eosin (H & E) staining
H & E stainingis used to visualise tissue histioarchitecture of tissue, evaluating the

connective tissue and spatial distribution of cell nuclei.
Reagents:

Harris haematoxylin
Eosin Y

IMS

Xylene

DPX mountant

Method:

Prior to staining the tissue sections were dewarddehydrated. Each section was
immersed in Harris haematoxylin solution for one minute and rinsed under tap
water for blueing for three minutes. Slides were then stained with eosin Y for three
minutes before dehydrating and clearing. Each slide was tbanted using DPX
mountant and a coverslip and left to dry overnight in a fume cupboard before being

viewed under an upriglmicroscopelmages were captured using a digital camera.

2.2.3.2 Nucl ei -diamidne-R-phengligdole ®APhHg 406, 6
DAPI is a stain which binds A rich regions of the DNA double helix and can be

therefore used to visualise cell nuclei.
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Reagents:

300 nM DAPI solution
To make DAPI working solution dissolve 10 pL aliquot of DAPI into 10 mL PBS
and store away from light. Makendhe day of the experiment

PBS, pH 7.4
pH adjusted using 6 M hydrochloric acid or 6 M sodium hydroxide drop wise

Method:

Prior to staining tissue samples were dewaxed and rehydrated. Samples were
incubated with 300 nM DAPI for twenty minutes in the dankd then washed with
PBS three times for five minutes each time in the dark. Nuclei were imaged using

an upright fl uor escente=mi3cOrOoesrchhOpim).oand a D/

2.2.3.3 Alcian Blue Periodic Acid Schi ff 0:¢
ABPAS is ugd to localise GAGSs in the tissue

Reagents:

1 % (w/v) Alcian blue solution, pH 2.5
0.1 % (w/v) periodic acid solution
Schiffés reagent
Gills number 3 haematoxylin

IMS

Xylene

DPX mountant

Method:

Prior to staining tissue samples were dewaxed and rehydr&adples were

immersed in 1 % (w/v) Alcian blue solution (pH 2.5) for one minute and rinsed

with tap water. The slides were then immersed in 0.1 % (w/v) periodic acid solution

for five minutes and rinsed three times with distilled water. The slides tivene

i mmersed in Schiffds reagent for 15 minut
minutes; cell nuclei were stained with Gills number 3 haematoxylin for 90 seconds.

Samples were blued using tap water, dehydrated, cleared and mounted using DPX
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mountant bfore being viewed using an upright microscope under Kohler

illumination.

2.2.3.4 Picro Sirius red and Millers elastic stain
Picro Sirius red and Millers elastic stain are used to visualise collagen and elastin

in the tissue respectively.
Reagents:

5 % (w/v) potassium permanganate solution
Add 15 g of potassium permanganate to 300 mL of distilled water and dissolve
using a magnetic stirrer. Store the solution for up to six months at room

temperature. Filter before use

1 % (w/v) oxalic acid
Add 1 g oxalic aid to 100 mL of distilled water and dissolve using a magnetic

stirrer. Use immediately.

Weigertds iron haematoxyl in

Mix equal volumes of solution A and solution B. Store mixed solutions at 4 °C for
one month.

0.1 % (w/v) Picro-Sirius Red

Weigh out 0.1g Sirius red powder in fume cupboard and dissolve into 100 mL of
agueous picric acid solution using a magnetic stirrer. Store at room temperature for
up to six months and filter before use.

Mill ersd stain

IMS

Xylene

DPX mountant

Method:
Prior to stainig tissue samples were dewaxed and rehydrated, the same slide was
used to stain for both the collagen and elastin. Samples were immersed in 5 % (w/v)

potassium permanganate for five minutes and then rinsed with distilled water, and



then submerged into 1 %{v) oxalic acid for two minutes, rinsed with water for

a further four minutes and submerged in 95 % (v/v) IMS and 70 % (v/v) IMS for

one minute respectively. Samples were then
and rinsed with 95 % (v/v) ethanol, P& (v/v) ethanol and distilled water
respectively. Samples were subsequently st
for ten minutes and rinsed with distilled water for thirty seconds for blueing.

Samples were then stained with 0.1 % (Whgro-Sirius Rel for one hour, rinsed

with distilled water and blot dried. Sections were dehydrated, cleared and mounted

using DPX mountant before being viewed under Kohler and polarised illumination.

2.2.3.5 Reticulin stain

The reticulin stain is used to stain reticuldores (collagen Ill) within formalin

fixed, paraffin embedded tissue. Potassium permanganate sensitises the reticular
fibres, allowing silver to be deposited. The silver solution readily precipitates,
therefore formalin is used as a reducing agent tavadilver to be deposited in the

form of a metal. Excess silver is subsequently removed using the hypo solution.

Fibres stain neutral black with high intensity
Reagents:

. 1 % (wl/v) potassium permanganate
Add 1 g of potassium permanganate to 100 mL of ds@shivater and dissolve

using a magnetic stirrer. Store the solution for up to six months at room temperature

. 10 % (w/v) aqueous silver nitrate
Add 10 mg of silver nitrate to 10 mL deionised water and stir using a magnetic

stirrer and bar.

. 3 % (w/v) sodium hydroxide solution
Add 0.15 g sodium hydroxide to 5 mL deionised water and stir using a magnetic

stirrer and bar

. Ammoniacal silver solution

Add ammonia drop by drop to 5 mL 10 % (w/v) aqueous silver nitrate solution
until precipitate that forms has judissolved. Add 5 mL of aqueous silver nitrate



solution to 5 mL of 3 % (w/v) sodium hydroxide. Add ammonia drop by drop until
the resulting precipitate is completely dissolved and the solution retains a trace of

opalescence and then make up to 50 mL dighlled water.

1 % (w/v) oxalic acid
Add 1 g oxalic acid to 100 mL of distilled water and dissolve using a magnetic

stirrer. Use immediately.

2.5 % (w/v) aqueous iron alum
Add 2.5 g ferric ammonium sulphate (iron alum) to 100 mL distilled watertand s

using a magnetic stirrer and bar

0.2 % (w/v) gold chloride
Add 0.2 g gold chloride to 100 mL distilled water and mix thoroughly by inversion

Hypo solution (5 % sodium thiosulphate)
Add 5 g sodium thiosulphate to 100 mL distilled water and stir usintagnetic

stirrer and bar

9. 10 % (w/v) agueous formalin
10.IMS

11. Xylene

12.DPX mountant
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Method:

Prior to staining tissue samples were dewaxed and rehydrated and then oxidised in
1 % acidified potassium permanganate for three minutes. Samples were then rinsed
with tap water before bleaching them in 1 % oxalic acid for one minute. The
samples were then rinsed with tap water before immersing them in 2.5 % iron alum
for ten minutes. The slides were then rinsed twice in distilled water and then placed
in ammoniacal sier solution for a further two minutes. Samples were rinsed twice

in distilled water and then reduced in 10 % aqueous formalin for a further two
minutes. Samples were then rinsed under running tap water before being immersed

in 0.2 % gold chloride for twaninutes. Samples were rinsed again with tap water



before being immersed in hypo solution for three minutes and then briefly rinsed
again with tap water. Sections were dehydrated, cleared and mounted using DPX

mountant before being viewed under Kohler illoation.

2.2.3.6 Oil Red O staining
Cryosectioned native and decellularised nerve samples were stained for lipid and
fat using Oil Red O solution. Presence of lipid within tissue was detected by

presence of a bright reddisinange colour.
Reagents:

0.5 % (w/v) Oil Red O stock solution
Dissolve 0.5 g of Oil Red O into 100 mL isopropanol.

Oil red O working solution
Dilute 30 mL of Oil Red O stock solution with 20 mL distilled water. Allow to
stand for ten minutes and filter wusing a

Solution should be prepared on the day of use.

3. Harris haematoxylin

IMS

5. DPX mountant
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Method:

Prior to staining tissue slides were fixed in 3.7 % formaldehyde for 5 minutes at
room temperature. The tissue slides were immersed in Oil Red O working solution
for ten minutes and rinsed in distilled water before being immersed in haematoxylin
for ten seonds finally being rinsed again with distilled water. Each slide was then
mounted using DPX mountant and a coverslip and left to dry overnight in a fume
cupboard before being viewed under an upright microscope.

2.2.4 Immunolabelling using FITGconjugatedantibodies

2.2.4.1 Tissue fixation
Tissues were fixedn 3.7 % (v/v) formaldehyde for 24 hours, placed into the

automated tissue processor and wax embedded as described in Section 2.2.2.1.
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Antigen Supplier Isotype | Clone Initial Working diluti on
concentration

Rabbit anti-laminin antibody Sigma Polyclonal 0.5 mg. mLt 1°Ab 1:50

L9393 Aldrich 2°Ab 1:100

Rabbit anti-fibronectin Sigma Polyclonal 1°Ab 1:400

antibody Aldrich 2°Ab 1:100

F3648

Anti -S100-astrocyte marker abcam® lgG Rabbit 1°Ab 1:200

ab868 Polyclonal 2°ADb 1:400

Anti-GFAP delta primary abcam® IgG Rabbit 1°Ab 1:200

antibody ab28926 Polyclonal 2°Ab 1:400

FITC -conjugated secondary anti | Vector Labs

rabbit antibody

Anti- PGP 9.5 antibody Dako Rabbit 1°Ab 1:200

75116012 Polyclonal 2°Ab 1:100

Table 2.5 Antibodies and working dilutions used for labelling tissue samples




Antigen Supplier Isotype Clone Initial Working
concentration dilution

Anti -S100- abcam® IgG Rabbit 1°Ab 1:250

astrocyte marker Polyclonal 2°Ab 1:200

ab868

Anti -GFAP delta abcam® 19G Rabbit 1°Ab 1:250

primary antibody Polyclonal 2°Ab 1:200

ab28926

Anti-p75 NGF abcam® lgG Rabbit 0.3 mg. mt 1°Ab 1:50

receptor antibody Polyclonal 2°Ab1:100

FITC -conjugated
secondary antt
rabbit antibody

Vector Labs

Table 2.6 Antibodies and working dilutions used for labelling cd$
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Reagents:

0.1 % (v/v) Triton X-100
Add 10 pL Triton ¥100 to 9.99 mL PBS and mix using vortex

1 % (w/v) BSA solution
Dissolve 0.1 g bovine serum albumin into 10 mL PBS and pass thi®sdhrough

a 0.2 um filter

7.5 % (w/v) BSA solution
Dissolve 3.75 g bovine serum albumin into 5 mL PBS and pass the solution through

a 0.2 um filter

Method:

Prior to staining tissue samples were dewaxed and rehydfagsde sections were

circled with a hydrophobic marker and gently permeabilised with 0.1 % (v/v)

Triton X-100 diluted in PBS for 20 minutes. Samples were then incubated with

7.5 % (w/v) bovine serum albumin diluted in PBS at room temperature for sixty

minutes, followed by washing once il % (w/v)BSA in PBS. Tissue samples

were incubated with primary antibody (diluted to appropriate concentration with

1% BSA) at 4 °C overnight in a humidified chamber. The following day the

samples are washed three times with PBS, five minutes eachatichghen

incubated with secondary FITC conjugated antibody at room temperature in the

dark for one hour. Each section is then washed three times with PBS for five

minutes and counterstained with 300 nM DAPI in PBS and incubated for twenty

minutes in the d& at room temperatur&ections are then washed three times with

PBS for five minutes anthen immersed in PBS. Images are captured using long

focal di stance (3.5 mm) o6éwater dippingbd o
Zeiss Achroplan)and a Zeiss ISM510 META upright/inverted confocal

mi croscope (xenon ae=Cc 4|9bmprbLScm)edudei t e FI1 TC
were Vi sUali 800 enwrdHiOnmg. oo
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2.2.5 Cell culture

2.2.5.1 Cell culture techniques

Human dermal fibroblast and RN22 Iselsed in this study were cultured in
standard DMEM cell culture medium (Section 2.1.7.3). The primary rat Schwann
cells were cultured in MEMI-valine (Section 2.1.7.4). All medium changes were
performed aseptically in a Class Il cabinet. All medium aadjents added to the
cells were warmed to 37 °C before use. Cells were cultured at 37 °C in %% CO
(VIv).

2.2.5.2 Resurrection and maintenance of cells

Cells were removed from liquid nitrogen storage, and thawed in a 37 °C water bath.
A T75 cell cultureflask with 10 mL cell culture medium was prepared. When the
cells were defrosted, 1 mL of the defrosted cell stock was slowly added into the
T75 flask. The flask was incubated at 37 °C in 5 % Q@) overnight to allow

the cells to attach to the flaskh&@ medium was changed every two days until the

cells became confluent and ready to be passaged.

2.2.5.3 Cell viability using Trypan blue
Trypan blue dye is used to detect dead cells as the dye permeates into dead cells

due to the loss of their membraneeyutal whilst live cells appear transparent. To

perform the viability test, 20 eL of cel

blue dye in a bijoux tube. 20 eL of this

Viable cells were counted imof the nine gds (h = the number of grids which
allowed the viable cell count to fall between 100 and 300). The total number of

viable cells per mL in the cell suspension was calculated as follows:

Number of cells/mk 10* Dilution factor

nwas the number of grids used to count the cells

Dilution factorwas the correction required due to the dilution of the cell suspension

with Trypan blue dye (in this cadeilution factor= 2)
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2.2.5.4 Cell passaging

The culture mdium was aspirated from each cell culture flask, and the cell layer
was washed in PBS for two minutes. Trypsin/EDTA (5 mL) was added to each T75
culture flask, and the flasks were incubated in 5 % CO2 (v/v) at 37 °C for 3 minutes.
Following incubation, theells were detached by gently tapping the flasks. The
trypsin/EDTA was neutralised by adding 10 mL of culture medium to each flask.
The cell suspension was transferred into a universal tube and centrifuged for five
minutes at 1000 g. Following centrifugat, the supernatant was carefully
removed and the cell pellet was resuspended in 5 mL of cell culture medium. A
viable cell count (Section 2.2.5.3) was performed and cells were seeded into fresh
flasks at the appropriate density. The cell culture mediasalanged every other

day until the cells became confluent and ready to be passaged again.

2.2.5.5 Cell storage

Cells were isolated from the flasks (Section 2.2.6.4), and diluted t&/id1Qith
cryopreservation medium (DMEM containing 20 % (v/v) FBS%4Qv/v) filter
sterilised Dimethyl sulfoxide (DMSO). The addition of DMSO prevented the
formation of ice crystals during freezing, but it is toxic to the cells. In order to avoid
the toxic effects, the cells were frozen immediately after the additiorMi 8@

The cell suspension was aliquoted into 1 mL cryovials, and placed into a cryo
freezing pot which contained isopropanol and placed int@0a °C freezer
overnight. The following day all vials were transferred to liquid nitrogen for-long

term storage.

2.2.6 Uniaxial tensile testing
The biomechanical properties of native and acellular porcine peripheral nerves
(peroneal and tibial nerves) were compared using uniaxial tensile testing to failure
in order to determine any significant effects of the decelkdtion procedure on
the mechanical properties of the tissue. The length of the nerve was kept to
approximately 10 mm and the thickness of the tissue was measured using callipers.
Three measurements were taken for each specimen at different positiangsalon
length, and the average thickness was recorded.

Hydrated samples of freshly dissected porcine peripheral nerves and

acellular nervesvere clamped, using a standard clamping system into a BOSE
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tensiometer, using a 450 N load cell. A single pull tlife test was carried out at

a speed of 0.1 mmsith a gauge length of 8 mrithe specimen was clamped in

the holder with two grip blocks and the load cell recorded the strength produced by

the sampldFigure 2.1) The first failure point or plateau waised to calculate the

ultimate tensile strength (UTS) and the displacement at this point was recorded as

strain at ultimate tensile strength. The initial linear gradient was used to calculate

the Youngos mo d ul u sA typecal stressstais turve ofmodul us)
peripheral nerve is illustrated Fgure 2.2.

Figure 2.1 Tensile testing of tissue sampld.he sample is placed between two grip fixtures which
clamp the sample. Weight is then applied to the sample grippee &hal whilst the other is fixed.

The weight or load keeps increasing at a controlled rate whilst at the same time measuring the
change in length of the sample. (A) BOSE Electroforce test instrument. (B) Grips stretching sample.
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Stress

Figure 2.2. Typical stressstrain curve for peripheral nerves. The transition between the toe

region and the linear region corresponds with the strain in situ. The slope of theatsaiessurve

is called the modulus of elasticity and represents the esigfof the nerve. If the slope is steep, then

the nerve has more stiffness and is less compliant to elongation. If the slope is shallow, then the
nerve has less stiffness and is more compliant to elongation. Once the nerve has reached the ultimate
strain,t he structur al integrity of the nerve is
Reproduced from Topp and Boyd (2006)

The tensile testing machine operating programme, WifiT2802 software
(EnduraTEC) was used to analyse the data for eachutestsing the recorded

load/displacement data, the stress was calculated for each data point according to:

5

Where, represents the stress in MFahe force in Newtons (N) anélthe cross
sectional area of the nerve in rhriihe cross sectional area was calculatefl as

nerve width specimen thickness.

over c
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The strain was calculated according to:

where- represents straiathe extension of the nerve in mm aiithe gauge
length (8 mm)

The analysis of the results was carried out per treatment group (at least three
replicates from three different porcine legs). The stsés8n curves for the
specimens of each group were averaged over the number of samples in each test
group using the Origin software program (Version 8.5, Microbal). In addition, the
tensile strength, strain and YM for each nerve obtained from BOSE machine were

averaged over the number of specimens in the group.

2.2.7 Statistical analysis

In this study, all numerical data was analysed using GraphPad Prism and are shown
as mean values £ 95 % confidence limits. Statistical significance was assessed
usi ng ast-it8st and eanevay ANOVA was applied for the comparison of
data from more than two Ryvalwsqg<0.0uveien g

considered significant.

Tuk e\
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Chapter 3. Characterisation of Porcine Peripheral Nerves

in the Lower Limb for Tissue Engineering Applications

3.1Introduction
The peripheral nervous system (PNS) is comprisewnfes, enclosed bundles of

long fibres or axons and neurons, which connect the central nervous system to the
rest of the bodySaladin 201 The primary function of the PNS is to allow for
movement, sensation and changes in behaviour to be undertaken in response to
external or internal stimuliPeripheral nerves in the lowemlb are composed of
sensory, motor and sympathetic fibres. The sciatic nerve, situated in the posterior
compartment of the leg, is the largest nerve beginning in the lower back and runs
down towards the lower limb. Its function consists of providing motoeivation
to the muscles of the posterior aspect of the thigh and those of the leg aaddoot
sensory innervation to the skin of the lateral aspect of the leg and almost all of the
foot (Williams PL 1995. The sciatic nerve divides into two terminal branchtes
tibial and common peroneal nerve, with the tibial nereedp the larger of the
branches. The tibial nerve provides motor innervation to the muscles of the
posterior compartment of the leg and sensory innervation to the posterior aspect of
the leg, via its contribution to the sural nerve and the sole of theTioetfperoneal
nerve provides motor innervation to the muscles of the lateral compartment of the
leg, which innervates the foot, and sensory innervation to the distal section and
dorsum of the foofMcCrory, Bell et al. 200R The sural nerve, formed by the
junction of the medial sural cutaneous nerve with the peroneal branch, is a small
superficial sensory nerve providing innervation to the posterior calfalaekle,
heel and foofRiedl and Frey 2013

When considering injuries to peripheral nerves it is reportetdstngeral
hundred thousand such injuries occur each year in EUBOP€D00 cases annuglly
(Mohanna, Young et al. 20Q)3 Peripheral nerve injuries are morentmon than
spinal cord injuries, and over 50,000 surgical procedures are performed annually
in the United States to repair damaged peripheral néNelsle, Munro et al.
1998). Current treatment is comprised of either direct-t;mdnd surgical suturing
of the damaged nerve ends or the use of an autologous nerve graft. Suturing is

limited to a few millimetres for the repair of small defects or gaps. For longer nerve

gaps$20 mm), the current O6gold standard?d

t

r
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a sensory nerve such as the sural nerve to replace the injured tissue. There are
limitations to using this method, most notably donor site morbidity, chronic pain,
and a lack of witable donor nerve tissue. Due to a relatively small diameter,
multiple sural nerve segments may be placed side by side to match the width of the
nerve being replacedahlin 200§. In addition, sural nerves also possess smaller
fascicular patterns (i.e. the number and size of fascicles), which may not match the
fascicular patterns of the nerve being graffdeéek and Coert 2002Considering
these limitations there are clinica@quirements for better approaches to aid nerve
regeneratiorfSchmidt and Leach 2093

Tissue and organ decellularisation has been proposed as a method to create
scaffolds for regenerative medicine applications. The process of decellularisation
aims to remove all of the nativeells from a given tissue without adversely
affecting its biochemical and mechanical properties. A resulting decellularised
graft should retain a native ECM, which does not elicit an immune response, and
may provide a native microenvironment containingi eelhesive and growth
supporting properties. It is hypothesised that such a graft will support axon
regrowth for the repair of small gap nerve def@éthitlock, Tuffaha et al. 2009

Human donor nerves have been used in nerve repair. AVhieree Graft,
a commercial available decellularised human nerve allograft is reported to better
support nerve regeneration compared with commercially available NGCs
(Whitlock, Tuffaha et al. 2009 However, the supply of human nerve tissue for
decellularisation and use as a graft material is extremely limited in the United
Kingdom and therefore research has focused on use of xenogeneic tissue due to
ease of harvesting and availability. For small gap repair, xenogeneic nerve tissue
from rat, rabbit and pigs have been evalug@&atmann and Sanders 194&awa,
Tohyama et al. 199(Hudson, Liu et al. 20Q4Whitlock, Tuffaha et al. 20Q9
Zhang, Luo et al. 20)0Rat sciatic nerve has been extensively characterised and
evaluated for use as a nerve graft due to its ease of handestailability(Osawa,
Tohyama et al. 199®udson, Liu et al. 20Q4Vhitlock, Tuffaha et al. 20Q%Vang,
Zhang et al. 2004However, rat sciatic nerves have limitations on the size of nerve
that can be obtained. In contrast, it is hypothesised thatngorwrves are
anatomically similar to human nerves. Other pig tissues and organs closely
approximate their human counterparts; ciodsed porcine heart valves for

example have been widely used clinically. Moreover, porcine nerves have been



considered stable for trauma studies of the facial nefBarrs, Trahan et al.
1991). In addition, porcine nerve tissue may have the potential to be used for longer
and more specific nerve gap injuries due to their size, length, motor and sensory
similarities to human nervégdoore, MacEwan et al. 2011

To the best of our knowledge there have been very few studies evaluating
the potential of porcine periphal nerves as grafts to repair short and long gap
defects. However, in order to use porcine nerves clinically an understanding of the
anatomy and physiology of porcine peripheral nerves is required, and this is

currently absent from the literature.

3.2 Aims and objectives
Aims:
The aim of the study was to evaluate the anatomical organisation, structure and

characteristics of the major peripheral nerves in the porcine hind leg.

Objectives:

Dissect and identify the porcine nerves in the lower limb
Evaluae the histioarchitecture (connective tissue and fascicular pattern) of each

nerve by haematoxylin and eosin staining

A Assess the suitability of porcine peripheral nerves and rat sciatic nerves for tissue
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engineering applications
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3.3 Methods

3.3.1Dissection of porcine peripheral nerves in the lower limb

Large white Yorkshire pigs (2426 weeks old) were obtained from a local abattoir
(John Penny & Sons, Leeds, United Kingdom) within 24 hours of slaughter. The
sciatic, tibial, common peroneal andaunerves were isolated and dissected, with
initial reference to the anatomy of human nervous system anatomy of the lower
leg. The sciatic nerwsasdissected from the posterior compartment of the leg. The
sciatic nerve divided into two terminal branchie tibial and common peroneal
nerve. The tibial nerve was observed to travel in the posterior section of the leg and
the peroneal nerve in the lateral section. The sural nerve was dissected by a
longitudinal incision made from the popliteal fossa aldrggdosterior midline and
towards the posterianferior aspect of the lateral malleolus (Figure 3.1). Excess
fat and connective tissue was removed from the nerve samples and tissues washed
three times in PBS containing 0.1 % (w/v) EDTA to remove excessl bltssues

were then stored aB0 C on PBS moistened filter paper for future use. All nerves
were 150- 300 mm in length and varied in diameter, with the peroneal nerve

ranging from 2 3 mm and the tibial nerve ranging from 2 mm.

Sciatic nerve

Tibial nerve

Sural nerve

Figure 3.1 Peripheral nerves dissected from the posterior section of the porcine hind limb.

The sciatic nerve divides into the tibial and common peroneal nerves. Both the tibial and peroneal
nervesun caudal to the stifle joint with the tibial running into thascle Two cutaneous branches,

the medial and lateral branch off from the tibial and peroneal nerve respectively to form the sural
nerve. Scale bar at 10 mm.
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3.3.2Dissection ofrat sciatic nerve

Male Wistar rats (1412 weeks old) were killed by a Scheel 1 method (cervical
dislocation). The rat skin was cut a around the abdominal region and skin above
the gluteus maximus muscle was removed. The rat was then positioned ventral side
down and a the sciatic nerve was bilaterally dissected by sepetaginguscle

tissue from the upper dorsal thigh, cutting the nerve just above this position at one
end and immediatley above the knee at the other end to obtain a length of

approxiamtley 1.5 cm The sciatic nerve was dissected

3.4Results

3.4.1 Identification of porcine peripheral nerves
Porcine gripheral nerves were dissected from the posterior section of the porcine
hind limb. The sciatic divided into two branches of the tibial and common peroneal
nerve.

Both the tibial and peroneal nerven caudal tahe stifle joint with the tibial
running into the muscl&wo cutaneous branches, the medial and lateral branch off
from the tibial and peroneal nerve respectively to form the sural (feipge 3.2)

Sciatic nerve
Common peroneal
nerve (fibular) Tibial
nerve
Lateral sural
cutaneousnerve
Medial sural
cutaneousnerve
Sural nerve

E—
10 mm

Figure 3.2 Peripheral nerves dissecteftom the posterior section of the porcine hind limb.

The sciatic nerve divides into the tibial and common peroneal ndmwescutaneous branches, the
medial and lateral nerves branch off from the tibial and peroneal nerves respectively to form the
sural rerve.Scale bar at 10 mm.
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3.4.2 Histological evaluation of native porcine peripheral and rat sciatic
nerve

Peripheral nerves were embedded and sectioned transverly and longitudinally to
reveal their histoarchitecture. Haematoxylin and eosin stained traasaad
longitudinal sections revealed the nerve fasicles which contained a a large portion
of cells embedded within the endoneurial connective tissue seen in blue. Each
fasicle was surrounded by a perineurium layer, which also consisted of surrounding
cels. The epineurium is the surrounding connective tissue (Figure 3.3).

Transverse Longitudinal

e W E

e B Sty LY

Figure 3.3 Histoarchitecture of transverse and longitudinal porcine peripheral nerve sections
stained with haemotoxylin and eosin.Peripheral nerw in transverse orientation reveal circular
fasicles (A&C). Peripheral nerve in longitudinal orientation reveal long fasicles (B&D). The
surrounding connective tissue is stained pink and cell nuclei are stained blue. Scale bars at 500 pm,
200 pm and 100 pm

By haemotoxylin and eosin, the porcine nerves showed variation in the funiculi

pattern within each nerve segment as they branch. The sciatic nerve showed to
possess slightly larger nerve fasicles than the rest of its branches, however it was
found to mssess a similar hstoarchitecture to its branches (pereoneal and tibial

nerve) in displaying closely packed nerve fascicles within the epineneurium.



89

contrast, the sural nerve and the cutaneous branches were found to contain a much
smaller number of fasles which are also smaller in size and sparsely distributed

when compared to the sciatic nerve and its bran@hgares 3.4).

Endoneurium

Epineurium
500 m | ; 500 pm
D ' |
C
N AR
Epineurium . A
Epineurium ;;‘f‘
: ;,_' - Endoneurium .
g} 11 = . " Perineurium
L _) ' —.'.‘-.j— " X
N 500 m 500 um

Figure 3.4 Histoarchitecture of transverse porcine peripheral nerve sections using
haemotoxylin and eosin stin. The sciatic nerve (A) and its branches (pereoneal and tibial nerve)
(B) have numerous nerve fascicles packed closely together within the epineneurium. The sural nerve
(C) and the cutaneous branches (D) have much smaller and sparsely distributefdsuicies

within the epineurium. Scale bar at 500 pum.

The rat sciatic nerviead larger but &ewernumber of fasiclesr comparison to the
porcine nerves. Nevertheless, similar to the porcine sciatic nerve and its branches
(peroneal and tibial), thasicles found in the rat scaitic nerve were closely packed

together with little epineurium spag@gigure 3.5).
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Figure 3.5 Histoarchitecture of rat sciatic nerve.Transverse (A & C) and longitudinal (B&D)
orientdion using haemotoxylin and eosin stain. Transverse sections revealed the rat sciatic nerve
fascicles contained an endoneurium and perineurium. Longitudinal sections revealed cells (blue)
aligning amongst collagen fibrils. Majority of the cells are locat@tin the perineurium and the
endoneuriunScale bars A and B at 200 um; Scale bars C and D at 100 pm

3.4.3 Quantification of fasicle size and area

The histology data of both porcine and rat nerve were quantified and analysed using
Image J by using @&nsverse images to measure the fasicle area. Data shwaved t
porcine sciatic nerve to have an average of 11 fasicles with an average area of 150
+ 34.18mm, whilst its branches had on average 20 fasicles with an average area of
94.08 + 12.28 mi The surhcutaneous branch had an average of six fasicles with

an average area of 68.97 + 35.69 frand the sural nerve had an average seven
fasicles, with an average area of 47.93 + 6.51F.nimterms of fasicle area size

the porcine sciatic nerve was signifidlgdarger than the sural nerve. The rat sciatic
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nerve had an average of three fasicles with an average area of 15%7.3hisn

area was similar to the porcine sciatic nerve (Table 3.1).

Nerve Average number of Area of fascicles
fascicles (mm?)

Porcine sciatic 11 150.45 + 34.18

Porcine sciatic 20 94.08 £ 12.28

branches

Porcine sural 6 68.97 + 35.69

cutaneous branch

Porcine sural 7 47.93 +6.510

Rat sciatic 3 157.3 £ 80.16

Table 3.1 The average number and area of fascicles present in porcine arad peripheral

nerves. Porcine and rat sciatic nerve have the largest fasicle area. The sural nerve has the smallest
fasicle area, which is significantlly smaller than the sciatic heqw€8.05). Porcine sciatic nerve

have on average 11 fasicles with @average area of 150 + 34.18fn = 3); sciatic branches
(pereoneal/tibial nerve) have on average 20 fasicles with an average area of 94.08 + 24128 mm

= 3) ; sural cutaneous branch has an average of six fasicles with an average area of 68.97 + 35.69

mn? (n =3); sural branch has an average of seven fasicles with an average area of 47.93 + 6.510

mn? (n =3) and rat sciatic nerve has an average of three with an average area of 15fh3=-mm

3. Dat a was anal ysed u sttest gndstptesentad agtte imead®s% GIt udent 6 s
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3.5Discussion

In this study the identification ancharacterisatioof porcine peripheral nerves
located in the lower limb is reported. The rat sciatic nerve was also included in the
study as a control.

The general nerve branching observed in the porcine peripheral nerves is
consistent with similar findings in the peripheral nerve anatomy of humans as well
as other mammals such as (@underland and Ray 1948chmalbruch 1986 In
addition, the length and dimensions of the porcine nerves were found to be
comparable to that of human nerv@ustdson, Grinberg et al. 20}2 The
fasicular pattern observed in the porcine nerves was similar to that reported for
human studie€Sunderland 199@hentanez, Chaumphol et al. 2006Jgrenovic,
Jovanovic et al. 2013J g r e n o v)i When2ntafipihg théranches from the
sciatic nerve, the fascicular patterns within the individual nerves have previously
been shown to differ in respect to the arrangement, size ancenusumderlanét
al. (1948) reported no constant or characteristic pattern in regards to the number
and size of the funiculi, which varied greatly from neteenerve and individual
to-individual at any given levdlSunderland and Ray 1948nterestingly, a study
byUg r e nebal(2d14) showed a significant difference in the average number
of fascicles between the tibial and common peroneal n€heescommon peroneal
nerve had a significantly lower number of fascicles; however there was no
significant difference inhe average value of fascicular area or diameter between
thetwonerveUgr enov)i I 2014

The internal nerve structure has substantial relevance in terms of the clinical
outcome of nerve lesions, as well as the surgical repair of nerve injuries. In direct
nerve repair thewsgeonaligns the fascicles by matching similar looking ones in
the stumps to prevent misalignment in addition to using epineurial blood vessels
(Stewart 2008 Similarly in nerve grafting, attention to the fascicular pattern is
thought to be of importance in achieving good functional reca\&ewart 2008
In turn, an appropriately matched nerve graft would lead to a more accurate
technical repair, minimal sutures and potentially less scarring.

A study conducted by Burkst al. (2014) highlighted the challenge of
insufficient donor nerve graft with a specific focus on human sciatic nerve

transection requiring autologous sural nervaftg The authors reported that a
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considerable degree of variability existed in the diameter of the fascicles and cross
sectional area of the sural nerve harvested, in comparison with the sciatic nerve.
The study also reiterated the fact that small sensernyes such as the sural nerve
do not provide sufficient material for grafting and that allogeneic intercostal nerves
(common peroneal or tibial) are prefer(@ilrks, Levi et al. 2014 This approach
was reported byMackinnon, Doolabh et al. 20p1where the tibial nerve was
reconstructed with allograft tissue

The sciatic nerve in both porcine and rat possess larger fascicles in
comparison to its branches. It was initially demonstrated by Sunderland et al.
(1961) that there are more fascicles and larger @estsonal area of extrafasicular
connective tissel present in regions when the nerve passed a joint, such as the
sciatic nerve. This led to the later suggestion that this was a protective feature by
which vulnerable areas of nerves resisted mechanical irffsupderland and
Bradley 196). A study by(Phillips, Smit et al. 2004also concluded that sciatic
nerves exhibited greater strain in the joint region, however it was further concluded
that this was a result of the complex tissue architecture rather than fascicle number
(Mason and Phillips 2031

3.6Conclusion

In summary, this study details the anatomy of porcine peripheral nerves in the
lower limb. The results demonstrate that porcine nerves are more comparable to
human nerves than rat in terms of anatomicaksire and size. In addition, the
study also highlights anatomical differences of the nerve as it branches. It is
thereforesuggested that th&milarities between porcine and human nerve may

allow for the clinical use of porcine nerves as grafts followiagye injury.
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Chapter 4. Optimisation of Methods for the Decellularisation
of Porcine Peripheral Nerves

4.1 Introduction
Xenogeneic tissues such as porcine can be used as nerve grafts as they provide an
ECM which mimics the nate/nerve tissue agdcribed irChapter 3They contain
an endoneurial microstructure which can provide the same level of guidance and
regenerative support as nerve autograftsaddition, these nerves can also offer
the potential for size/length and motor/sensory spdgifiMoore, MacEwan et al.
2011D).

However when used clinically these grafts possess risks from the immune
response from the body due to the presence of forElm(Janeway, Travers et
al. 1999 Mackinnon, Doolabh et al. 200Badylak 2013. Alternatively, the
immunogenic components from the graft can be removed through a processing
condition called decellularisation, producing a fiemunogenic acellular tissue
graft. Acellular grafts still retain the 3D stiture and ECM components of the
native tissue; however, it can be used clinically without eliciting an immune
response. The rationale behind decellularisation are that ECM components are
generally conserved amongst species and are tolerated well bemexiRatner,
Hoffman et al. 2004Badylak, Freytes et al. 20D9

Xenogeneic nerve grafts such as(kidson, Liu et al. 200&Kim, Yoo et
al. 2004 Yu, Peng et al. @9, Gao, Zheng et al. 20}4porcine(Zhang, Luo et al.
2010; Macaca fascicularigHess, Brenner et al. 200 Rhesus monkegHu, Zhu
et al. 2007 have been used extensively in tissue engineering applicatibhas
been reported thatdellularised nerve allografts are capable of returning adequate
sensation imerve defects ranging from 0.5 to 3 cm without infection or rejection
(Moore, MacEwa et al. 2011 In another study, Hudson et al 2004 showed the
ability of macrophages to migrate within a decellularised tissue and produce
growth factors to promote axonal regeneratidndson, Zawko et al. 2004

The aim of any decellularisation protocol is to remove all immunogenic
cellular and nuclear material whilst preserving the biochemical and biomechanical
properties of th&CM. However, any process that removes cells will ultimately

alter the native three dimensional architecture of the ECM.



A number of methods have been documented for the preparation of
acellular nerve grafts from donor nerve tissue. The most commiiliggd method
for decellularisation of nerve tissue involves physi¢éiles 1972 Gulati 1988
Evans, Mackinnon et al. 1998le, Tohyama et al. 1998chemical(Sondell,
Lundborg et al. 1998Hudson, Liu et al. 20Q4or enzymatic treatmen{®ang,

Itoh et al. 2015.

Physical methods used to facilitate decellularisation of nerve tissues include
cold preservationNEvans, Mackinnon et al. 199&hermal (Gulati 1988 Ide,
Tohyama et al. 1998and radiatior(Hiles 1973. Prolonged cold preservation of
donor nerve tissuesulted in the preservation of native Schwann cell basal laminae
and nerve ECM. The drawbacks however were the long processing times
(approximately seven weeks) as well as powechanical properties of the
decellularised graftEvans, Mackinnon et al. 1998

Thermal decellularisation subjects the nerve tissue to repeated-tineeze
cycles, rendering the graft nammunogenic by lysingells (Zalewski and Gulati
1982 Gulati and Cole 1994 The process however fails to remove the cell
remnants and fractures the basal laminae that surround myelinated and
unmyelinated axongn vivo studies have shown that celluf@mnants left behind
from this process lead to cellular invasion in the form of Schwann cells and
macrophages invading the basal lamina to clear away the debris and thereby
delaying the regenerative process and further damaging theldoagaa (Pollard
and Fitzpatrick 19730sawa, Tohyama et al. 199Danielsen, Kerns et al. 19985

Radiation has also been used as a decellularisation technique for nerve
tissue. Studies have shown that this process does not damage the tissue morphology
(Marmor 1964. Nevetheless similar to thermal decellularisation, cellular debris
still remains inside the basal laminae causing cellular invasion post implantation
(Hudson, Liu et al. 2004

Physical decellularisation treatments have the ability to Hetalts from
the nerves ECM. However, their inabilities to remove cellular debris from the tissue
and the destructive effects of fregb@awing on the nerve ultrastructure makes
these processes insufficient. Therefore, to achieve complete and effective
deellularisation physical treatments are usually combined with a chemical
treatment, which includes the presence of detergents and hyper/hypotonic

solutions. Commonly, physical treatments are applied at the beginning of the



decellularisation process to diptuhe cell membrane and lyse the cells and are
then followed by the chemical treatments.

Detergents are the predominant chemical treatments used in the
decellularisation of nervdSondell, Lundborg et al. 199Budson, Liu et al. 2004
Wakimura, Wang et al. 20150nic, nortionic, and zwitterionialetergents have
been shown to be effective in the removal of cellular material by solubilising both
cytoplasmic and nuclear cellular membranes. However, these detergents can also
denature proteins in the ECM by disrupting profgiatein interactiongSeddon,
Curnow et al. 2004Gilbert, Sellaro et al. 2006 Common ionic detergents that
have been used for mne tissue include sodium dodecyl sulphateD$
(Wakimura, Wang et al. 20),5sodiumdeoxycholatdWang, Itoh et al. 201pand
Triton X-200(Hudson, Liu et al. 2004

A study by Wang et al (2015) usdditonX-100 on its own and as a
combination with sodium deoxycholate to decellularise rat sciatic nerve. The
results showed that in tho treatments there were nerve fibre breakage as well as
traces of myelin sheath and cells still present within the ti@Alaeng, Itoh et al.
2015. In another study by Wakimura et al (2015) a combination of 1% SDS and
Triton X-100 was used to decellularise rabbit median nerves. Results demonstrated
an intact structure with the eliminatioh cells. Furthern vivo analysis showed
limited EDI-positive macrophage invasion in addition to abundant axons and
Schwann cells penetrating through the implamtedres(Wakimura, Wang et al.
2015.

Compared to other detergents SDS is the most effective deteogent f
removal of cellular material , nuclear remnants, and cytoplasmic pr@Beioth,
Korossis et al. 20Q0Zrawss, Hazekamp et al. 200&/ilcox, Korossis et al. 2005
Wilshaw, Kearney et al. 2006 A drawback of SDS does however include
disruption to the ative tissue structure and collagemucture(Gilbert, Sellaro et
al. 200§. However studies have found that a low concentration of SDS (0.1 %;
w/v) can eliminate cells whilst preserving the native structure of the tiBsugh
Korossis et al. 20Q2Wilcox, Korossis et al. 20Q05as well as maintaining the
tissues mechanical strend#orossis, Booth et al. 20p2

Norrionic detergents such as Tritor2¥0 have been extensively used due
to their mild effects upon tissue structure. Using a combination of Trit@@0X

andsodium deoxycholat8ondellet al. (1998) produced an acellugaaft that was
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shown to support nerve regeneration. Post implantation anatgsisaled
regenerating axonwithin the basal lamina tubes and migration of host Schwann
cells, which reoccupied the empty basal lamina tuvélout excessive signs of
inflammaton (Sondell, Lundborg et al. 1998 The grafts however were still not

able to match the regeneration rates observed with the autograft, even with the
incorporation of Schwann cellg-rerichs, Fansa et al. 200% was hypothesised

that the inadequate preservation of the basal lamina in the acellular graft was a
contributing factor to thifailure (Hudson, Zawko et al. 2004Studies using Tion

X-100 have reported decrease in laminin and fibronectin conté@rauss,
Hazekamp et al. 200%vhich would attributed to damage of the Bdamina.

A milder chemical decellularisation technique developed by Hudson et al
(2004) used zwitterionic detergents in conjunction with Tritor209;
sulfobetainel0 (SB10) and Triton X200/sulfobetaine6 (SB16). This process
demonstrated superior evation of native ECM and equivalent levels of
decellularisation compared with the Sondell chemical processing technique
(Hudson, Liu et al. 2004 In vivo analysis of the acellular nerve graft developed
by Hudson showed no sign @jectionon the basis of the level of immune cells (T
cells and macrophages) in the grathere was no increase in CDgells (cell
surface markers on cytotoxic T cells) when compared with isografts, however there
was a slightly higher invasion of macr@ges within the acellular graft. A possible
cause is that the open basal lamina tubes and the absence of myelin permitted a
greater number of macrophages to invade and remain inside the(bitadtson,
Zawko et al. 2004 Regeneration capacities of the acellular graft showed that the
axon density at the midpoints of the acellular graft was indistinguishable from that
in isografts and statistically higher than in the thermally decellularised model
descrilked by Gulati et al. (1988) and the chemically decellularised model described
by Sondell et al.1998.

The decellularisation process developed by Hudson et al (2004) is now
licensed by AxoGéh Inc. which produces Avan&ea clinically approved nerve
graft for PNS injury repair The Avancé nerve graft has shown to be superior over
the comercially available NGCs in promoting nerve regenergianabekmez,
Duymaz et al. 2009V hitlock, Tuffaha et al. 20QMackinnon 201} This is most
likely attributed to the retention of the nerves ECM and blasaina which are
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known to play important in promoting and guiding axogaiwth (Faweett and
Keynes 1990Ide, Osawa et al. 199Martini 1994 Hudson, Liu et al. 2004

Alongside detergents enzymatic treatments are commonly used in the
decellularisatiorprocess. These include the use of calcium chelating agents and
nucleases. Nucleases such as endonucleases catalyse the hydrolysis of the interior
bonds of deoxyribonucleotide or ribonucleotide chains whereas exonucleases
catalyse the hydrolysis of the meinal bonds which ultimately leads to the
degradation of RNA and DNACrapo, Gilbert et al. 20)1The effectiveness of
enzymatic treatment fahe removal of cellular material from the ECM has been
studied in a variety of tissues with varied results. Chelating agents such as EDTA
and EGTA form a ringshaped molecular complex that binds and isolates a central
metal ion. Divalent cations such as*Cand Mg* are needed for cell attachment
to collagen and fibronectin at the A@Jy-Asp receptor. By binding the divalent
cations present at the cell adhesions to the ECM the chelating agents facilitate in
the removal of the cellular material from thestie.

Hypotonic and hypertonic solutions are commonly used in the
decellularisation process. Hypotonic solutions are used to lyse the cells within
tissues through osmotic shock with minimal changes in matrix molecules and
architecture(Xu, Chan et al. 2097 Hypertonic solutions dissociate DNA from
proteins(Cox and Emili 200k For a maximum osmotic effect, it is common for
the tissue to be immersed alternatively in hyper and hypotonic solutions. This
treatment however does not remove the cellular remnamstfre tissue therefore
additional enzymatic or chemical treatments are necessary for the removal of the
cellular debrigCrapo, Gilbert et al. Z11).

During the decellularisation process proteases are released from lysed cells
which can cause damage to the native ECM ultrastructure. Protease inhibitors such
as Aprotinin are therefore added to solutions. Buffered solutions of @43 well
as emperature control and time of exposure to the lysis solutions can also limit
protease activity.

Following the completion of the decellularisation process the tissues must
be sterilised prior tan vitro cell seeding orin vivo studies. Sterilisation of
biological scaffolds is vital to eliminate endotoxins and viral and bacterial DNA

that may be present. Sterilisation methods have included incubation in acids or
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solvents, ethylene oxide exposure, gamma irradiation and electron beam irradiation
(Hodde and Hiles 2002

Acid and alkaline treatments solubilise the cytoplasmic component of the
cells as well as removing nea acids such as RNA and DNArough hydrolytic
degradatior{Gilbert, Sellaro et al. 2006Acids such as peracetic (PAA), sulphuric
and hydrochloric can effectively disrupt cell membranes and intracellular
organelles. PAA is an oxidising agent and anaife chemical sterilanfPruss,

Kao et al. 1999Hodde and Hiles 2002PAA also doubles up as a decellularisation
agent with the removal of residual nucleic af@&dylak, Tullius et al. 1995as

well as being an excellent agent for inhibitiviguses(Hodde and Hiles 2002

PAA has minimal effect on the ECM composition atdicture as seen with the
preservation of several collagen types variety of porcine tissue such as small
intestinal submucosa (SIS) and the urinary bladérdde, Janis et al. 2007
Gilbert, Wognum et al. 2008PAA treatment retainmany of the native GAGs
(hyaluronic acid, heparin, heparin sulphate, chondroitin sulphate A and dermatin
sulphate)(Hodde, Badylak et al. 1996@s well asnumerous growth facte
including transforming growth factdr , fibrobl ast gr owt h
endothelial growth factgiVoytikK Harbin, Brightman et al. 199Hodde, Record

et al. 200}

Peracetic acid has been associated with oxidative damage to collagen due
to their reactivity with oxygetiree radicals. The presence of these compounds have
been associated with crosslinks which can affect the mechanical properties of the
sterilisedECM (Monboisse and Borel 199Brown, Merritt et al. 2002 The
microstructure of the collagen fibres have alserbeeported to be dissimilar after
the PAA treatmen(Brown, Lindberg et al. 2006 However a study by Hodde et
al (2002) found that endothelial cells were still able to adhere to PAA treated
porcine small intestinal submucosa (SIS) and urinary bladder matrix (UBM) which
suggests that amino idc sequences responsible for cell adhesion remained
unaltered by the PAAHodde, Record et al. 20D2In addition a study by Freytes
et al (2004) showed no significant difference between PAA treated and untreated
porcine SIS, UBM andrinary bladder submucosa (UB&yeytes, Badylak et al.
2009.

fact
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The efficacy of a given decellularisation protocol variesetejing on the
tissue, composition and density. In the case of denser tissues such as peripheral
nerves access for the decellularisation solutions may be more difficult. It is
therefore common to immerse the tissues in the solutions whilst being subgected t
agitation. Immersion and agitation methods of tissue decellularisation have been
well documented in a variety of tissues including healtes(Meyer, Chiu et al.

2000, tendongCartmell and Dunn 20Q0@&nd peripheratervegHudson, Lu et al.

2004 Karabekmez, Duymaz et al. 200%he duration of this method is dependent

on tissue thickness and density as well as the detergent used and the intensity of
agitation.

It is impor@ant to highlight that for each tissue studied, it is necessary to
optimise a decellularisation and sterilisation protocol to achieve optimal cell
removal without significantly damaging the ECM. Each variable will affect the
composition and ultrastructuré the ECM which in turn will influence the host
tissues response to the tissue following implantgii@tbert, Sellaro et al. 2006
The removal of DNA is a vital indicator in determining the efficacy of the
decellularisation method. It is possible to ditatively assess cell components
such as doubitstranded DNA (dsDNA), single stranded DNA (ssDNA), RNA,
mitochondria or membrane associated molecules. Currently there is no value for
the level of residual cellular material permitted within an acellulaffsic or what
amount of residual material will elicit an immune response, this is almost certainly
dependent on the tissue being decellularised. No decellularisation technique can
remove 100 % of cell materiadyen with the most rigorous processing mdt&o
(Badylak 2014 Most commercially available biological scaffolds contain trace
amounts of remnant DNA, nonetheless the clinical efficacy of tthegees have

been largely positive (Table 4.1).
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Source Tissue Source Products
species _ _

Dermis Porcine Strattice™(Lifecell), XenMatrix™
(Bard Davol)

Dermis Bovine TissueMend (Stryker), Veritas®
(Synovis)

Pericardium Equine OrtAdapt ® (Synovis)

Pericardium Bovine CopiOs® (Zimmer Inc), Perimourit
(Edwards Lifesciences)

Small intestine Porcine Surgisis® (Cook Biotech), Restorg
(DePuy Orthapaedics), FortaFfex
(Integra LifeSciences)

Urinary bladder Porcine MatriSten? (ACell)

Table 4.1 Summary of clinically approved products produced from xenogeneic tissue.
Reproduced from Badylack(Badylak 2014

Based on findings fronm vivo studies in which constructive remodelling has been
observed withno adverse host or cell responses, a minimum criteria has been

developed to describe a decellularised scaffCldpo, Gilbert et al. 20)1

<50 ng dsDNA per mg ECM dry weight
< 200 bp DNA fragment length
Lack of visible nuclear material in tissue sections stained withdiar@idino-2-

phenylindole (DAPI) or haematoxylin and eosin

This Chapter therefore describes the development of a method the
decellularisation of porcine peripheral nerves, based on a previously developed
method for arterial matrice@Vilshaw, Rooney et al. 20).2To create the most
effective acellular nerve tissudet decellularisation process developed in the
present stdy includeda combination of physical, chemical and enzymatic
methods.

Freezethawingis carried out as the initial physical decellularisation step to
detach cells from the ECM. Subsequently chemical and enzymatic treatments such
as SDSEDTA, hypotonicand hypertonic bufferare added to efficiently remove
the cells from the tissué low concentration of SDS is chosen to remove cellular
material and cytoplasmic proteins whilst preserving the native structure. In
addition, a nuclease treatment is alsded to remove DNA and RNA from the

tissueas well as a final sterilisation step using PAA.
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4.2 Aims and Objectives
Aims:
The aimof the study presented in thZhapterwas to optimise a process for the

decellularisation of porcine peripheral nerves.

Objectives:

To develop a decellularisation method for porcine peripheral nerves that is able to
remove the cells and cellular remnants whilst preserving the histioarchitecture and
the biomechanical integrity of the ECM.

To determine which type of peripherarve to use as a scaffold

To characterise the decellularised porcine peripheral nerves histologically

To assess the efficacy of the decellularisation process by quantifying the amount
of DNA left in the nerve
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4.3 Methods

4.3.1 Decellufrisation solutions

4.3.1.1 Disinfection solution

This solution was prepared fresh before use @bkisted of 100 mL PBS
containing 10 pg/mL vancomycin hydrochloride, 100 pug/mL gentamicin sulphate
and 5 0polngykximB. The volume was made up to 500 with PBS.

4.3.1.2 EDTA solution (200 mM)

EDTA (74.4 g) was dissolved in 1 L distilled waterd the pH of the solution was
adjusted to 7.2 7.4 by adding either 6 M hydrochloric acid or sodium hydroxide
pellets. The solution was stored at room tempegdturup to one month. Aprotinin
(2 mL, 10,000 KIU/mL) was added to the solution just before use.

4.3.1.3 PBS EDTA solution (2.7 Mm; 0.1% wi/v) containinglO KIU/mL
aprotinin

EDTA (1 g) was added to 1 L PBfd the pH of the solution was adjusted to 7.2

- 7.4 by adding either 6 M hydrochloric acid or sodium hydroxide pellets. The
solution was stored at room temperature for up to one month. Aprotinin (1 mL,

10,000 KIU/mL) was added to the solution immediately before use.

4.3.1.4 Hypotonic buffer (10 mM Tris,2.7 mM EDTA, 10 KIU/mL aprotinin)

Trizma base (1.21 g) and EDTA (1 g) was dissolved in 900 mL distilled water and
the pH of the solution was adjusted te 8.2 by adding either 6 M hydrochloric

acid or sodium hydroxide pellets. The solution was made dplLtavith distilled

water and autoclaved. The solution was stored at room temperature for up to one
month. Aprotinin (1 mL, 10,000 KIU/mL) was added to the solution immediately
before use.

4.3.1.5 Hypertonic buffer (50 mM Tris buffer, 1.5 M sodium chloridég

Trizma base (6.06 g) and sodium chloride (87.66 g) was dissolved in 900 mL
distilled water and the pH of the solution was adjusted te 7.b by adding either

6M hydrochloric acid or sodium hydroxide pellets. The solution was made up to 1
L with distilled water and autoclaved. The solution was stored at room temperature

for up to one month.
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4.3.1.6 SDS hypotonic buffer (0.1 % w/v SDS, 10 mM Tris, 0.1 % w/v EDTA,

10 KIU/mL aprotinin)

SDS (1 g) was added to 10 mL distilled water to make a 10 % (w/v) Sthatkon

and filter sterilised. The 10 % (w/v) SDS stock solution was added to 990 mL
sterile hypotonic buffer. The unused hypotonic SDS buffer was stored for up to one
week at 4 °C if it was opened aseptically. Aprotinin (1 mL, 10,000 KIU/mL) was

addedo the solution just before use

4.3.1.7 Nuclease treatment solution (50 mM Tris buffer, 1 mM MgGI6H20, 1

U/mL Benzonase)

Trizma base (6.1 g) and magnesium chloride (0.203 g) was dissolved in 100 mL
distilled water and the pH of the solution was adjusted5- 7.7 by adding either

6M hydrochloric acid or sodium hydroxide pellets. The solution was made up to 1
L with distilled water and autoclaved. On the day of use 4 uL of Benzonase (250
U/uL) was added to the solution under sterile conditions. Thesasel solution

must be used within ten minutes of preparation.

4.3.1.8 Peracetic solution (0.1 % v/v)
PAA (40 %, 2.5 mL) was added to 500 mL of PBS. The pH was adjusted {0 7.2

7.5 by adding 6 M NaOH dropwise. The solution was made fresh just prior.to use
4.3.2 Histology

4.3.2.1 Evaluating the decellularisation process

Tissue samples from three decellularised nerves from different animals were fixed

with 3.7 % (v/v) formaldehyde and paraffin embedded as describ®dation?2.

Histological evaluation wagerformed as described in Secti@?.4 Paraffin
embedded i ssue sections of 6 em were al/|l p o
effects of decellularisation. Haematoxylin and eosin was used to study the tissue
architecture and cell distribution. H&E sareplwere viewed using an upright
microscope. Nucleivere imaged using an upright fluorescent microscope using a

DAPI fei=l t3€0r0 e4maBB0 hm) o

4.3.2.2 Evaluating the lipid content of native and acellular tissue
Tissue samples from native and ladar nerves were cryo embedded as described

in Section2.2.3.1.Cryo embedded tissue sections of
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longitudinally to study the lipid content. Slides were stained with Oil Red O and
haematoxylin as described in Section 2.2.4. Oil Reahd haematoxylin were
used to study the lipid content and cell distribution. Samples were viewed using an

upright microscope.

4.3.3 DNA guantification

DNA quantification was used to determine the total remaining DNA in porcine
peripheral nerves followon decellularisation by comparing the DNA levels in
decellularised and fresh tissue. This was for determining the efficacy of the

decellurisation process.

4.3.3.1 DNA extraction
DNA was extracted from fresh and decellularised porcine nerves using therQlAge
DNeasy blood and tissue kit. DNA was extracted from tissues from three fresh and
three decellularised porcine nerves. For each nerve triplicate samples were taken
for DNA extraction.
Samples ofhe fresh and decellurised porcine nemnwese lyophilized ¢ a
constant weight prior to DNA quantification assBpch sample consisting of 100
mg tissue were macerated with a scalpel blade and placed in a sterile 1.5 mL
microcentrifuge tube. The samples were then frekrssl; the mass of each sample
was recordedaily until a consistent weight was achieved (approximately 25 mg).
DNA extraction was carried out using the DNeasy blood and tissue kit
(QlAgen). Buffer ATL (360 pL) and proteinase K (40 pL), both from the QIAgen
kit, were mixed with the macerated freelreed tissue by vortexing and incubating
at 56 °C for three hours or until the tissue was completely digested. Pulse vortexing
(5 to 10 seconds) was performed every 30 minutes to disperse the sample. Each
sample was vortexed for 15 seconds at the enldeoiincubation. Buffer AL (400
e L) from the QI Agen kit was added to th
i mmedi ately by vortexing and 400 ¢L of et
mixed thoroughly immediately by vortexing.
Each sample was transferred to a sai@gabNeasy Mini spin column placed
in a 2 mL collection tube, and centrifuged at 6,000 x g for one minute. The flow
through was discarded together with the collection tube. The DNeasy Mini spin
column was placed in a fresh 2 mL collection tube,and BAff&f1 ( 500 ¢e&L) was

added to the column. The DNeasy membrane at the bottom of the DNeasy Mini



spin column was dried by centrifuging at 15,000 x g for three minutes. The flow

through was discarded together with the collection tube. The DNeasy Mini spin
columnwas placed in a clean 1.5 mL microcentrifuge tube, and Buffer AE (200

eL) was added directly to the centre of t
for one minute, the 1.5 mL microcentrifuge tube was centrifuged for one minute at

6,000 x g to elute. The gacted DNA was in Buffer AE in the flowhrough. The

DNeasy Mini spin column was discarded. The extracted DNA was subjected to
guantification immediately or storedia0 °C until needed.

4.3.3.2DNA gquantification by spectrophometry

The concentration axtracted DNA was determined spectrophometrically using a
Nanodrop spectrophotometer. Buffer AE (2
DNA sample (2 €e€L) was | oaded onto the Na
determined at 260 nm. Three readings were takerdoh sample, and the mean

was considered as the absorbance of the s
in the sample was directly displayed in the Nanodrop software. This concentration

was used to calculate the DNAtoowei ght/ ti s s

DNA weight/tissue—weight (eg/ mg)

whereCr epr esents the DNA concentration in th
of the Buffer AE containing extracted DNA
tissue sample was 25 mbhe mean + 956 C.I. of the DNA weight/tissue weight

(egl/ mg) f or fresh ¢nh= 3y @ gdcadlutarisedf (n = 3) tissue was

calculated.

4.3.4 Dissection and storage of porcine peripheral nerves

Yorkshire pigs (24 26 weeks old) were obtained from a local abatttohn Penny

& Sons, Leeds, United Kingdom) within 24 hours of slaughter. The peripheral
nerves dissected from the porcine leg included the femoral, sciatic, tibial, common
peroneal and sural nerve. Femoral nerves-(15 mm diameter) were dissected
from the anterior compartment of the thigh. Sciatic nerve-(1® mm diameter)

was dissected from the posterior compartment of the leg. The sciatic nerve divides

into two terminal branches; the tibial {% mm diameter) and common peroneal
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nerve (2- 4 mm dameter). The tibial nerve travels in the posterior leg and the
peroneal nerve travels in the lateral compartment of the leg. The sural nerve (1
1.5 mm diameter) was dissected by a longitudinal incision made from the popliteal
fossa along the posterior diine and towards the posteriorferior aspect of the
lateral malleolus. As much excess fat and connective tissue was removed from the
samples and the tissues were washed tlaticeom temperature, 30 minutes each
timein PBS containing 0.1 % (w/v) EDTAnd Aprotinin10 KIU/mL to remove
excess blood. Tissues were then cut into individual 5 cm segnpasisipned
longitudinally to avoid any kinkand stored at 80 °C on PBS moistened filter

paper for future use.

4.4 Decellularisation of peripheral nerves

Prior to the decellularisation process the peripheral nerves were subjected to a
freezethaw cycle and individually placed in 200 mL sterile containers containing
200 mL disinfection solution and incubated for an hour at 37 °C under agitation
(containes were placed horizontallgt 120 rpm. Each nerve was subjected to 200
mL of the solutions indicated below. Figure 4.1 summarises the standard
decellularisation process. The number of SDS and nuclease cycles along with

incubation temperature and agitatispeeds was subject to change.
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1. Freeze thaw tissue for 30 minutes af37
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2. Wash samples in disinfection solution for 30 minutes AC3@nder fast
agitation

. J

4 N

3. Wash samples in EDTA solution for 24 hours &4under fast agitation

. J

s ™
4. Wash samples in hypotonic buffer solution for 24 hours under fast agitatiq

. J

s ™
5. Wash samples in hypotonic SDS buffer solution for 24 hours under fast
agitation

. J

4 N\

6. Wash samples in PBBDTA solution for 48 hours at/€
. J
4 N

7 Wash samples with nuclease treatment 4€36r 3 hours under slow agitatior
of 50 RPM

DN

er fast

. J

s ™
8. Wash samples three times in PBS solution for 30 minutes each times ung
agitation

. J

P

-
4 N\

10.Wash samples in PBS solution for 48 hours/gt énder fast agitation

- J
4 N\

11. Sterilise samples with peracetic acid for three hours at room temperature

9. Wash samples in hypertonic buffer solution for 24 hours under fast agitation

- J

Figure 4.1 Overview of the key stagesinvolved in the decellularisation processThe process
involves a combination of physical, chemical and enzymatic treatfoeefficient cell removal.
For some stages the exact temperature and agitation speed are not specified due to subject to

change
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4.41 Decellularisation of femoral nerves

Three decellularisation runs were carried out on femoral nerves (n =8)itatlon

was carried out at 120 rpm, apart from the nuclease step which was carried out at
50 rpm. The temperatures of the solutions changed within each run apart from the
nuclease step which remained at 37 °C. In the first decellularisation run all step
were carried out at 37 °C unless otherwise stated and the nerves were subjected to
two SDS cycles.

After freeze thaw and disinfection, each femoral nerve was washed in 200
mM EDTA solution for 24 hours at 4 °C. The nerves were then subjected to three
cycles of hypotonic buffer in the presence of Aprotinin for 24 hours with one of
the buffers containing 0.1 % (w/v) SDS. The nerves were then washed with PBS
and 0.1 % (w/v) EDTA containing Aprotinin for 4%6 hours at 4 °C. The nerves
were subjected torne cycles of hypotonic buffer containing 0.1 % (w/v) SDS for
24 hours and were then washed three times in PBS for 30 minutes each time before
being further washed in PBS overnight. The following day the nerves were
incubated in two nuclease cycles for thteurs at 50 rpm agitation for each cycle.
Each nerve was then washed three times in PBS at for 30 minutes each time before
being further washed in PBS overnight. The nerves were then washed in hypertonic
buffer at and incubated for 24 hours with agitatibhe nerves were washed three
times in PBS, 30 minutes each time at before being sterilised with 0.1 % (v/v)
peracetic acid in PBS for three hours at room temperaturé @8 °C) with
agitation. Nerves were then washed a further three times in st&3efd? 30
minutes each with agitation and stored in the fridge at 4 °C till needed.

The same procedure was used for the second and third decellurisation
methods however in the second run all steps were carried out at 42 °C and the
nerves were subjected three SDS cycles. In the third run all steps were carried
out at 45 °C and the nerves were subjected to two SDS cycles. Table 4.2

summarises the decellularisation runs carried out on the femoral nerves.
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Method | Nerve SDS Incubation | Agitation Nuclease
type cycles | temp (°C) speed (rpm) | Cycles
2 37 120 2
1 Femoral
2 Femoral |3 42 120 2
3 Femoral |2 45 120 2

Table 4.2 Summary of the decellularision runs carried out on the femoral nerves

4.4.1.1 Results of the decellularised femoral nerves

Charaterisation of the femoral nerves decellularised using the methods
summarised in Table 4.2 was undertaken by analysing their tissue structure by
staining them with haematoxylin & eosin. Presence of cell nuclei within the tissue
was detected with DAPI laldelg. Decellularisation of femoral nerves using
method 1 revealed the presence of cell nuclei within the endoneurium (Figure 4.2
D). Haematoxylin & eosin staining revealed an intact histioarchitecture when
compared to native controls (Figures 4.2 A and#)ure 4.2 B shows the presence

of the nerve fascicles with an intact endoneurium and surrounding perineurium.
There is a however a loss of surrounding epineurial connective tissue in the

decellularised nerve.
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Figure 4.2.Decellularisation of porcine femoral nerve at 37°CHaemotoxylin and eosin (A and

B) and DAPI staining (C and D) of native and acellular femoral nerves . H&E of acellular femoral
nerve revealed retention of nerve fasicles along with the conneddbige stained in pink and cell

nuclei in blue, there was some noticable loss of connective tissue surrounding the the epineurium
and within the endoneurium as indicated by the arrows (B). DAPI staining of native nerve shows
presence of cells predomihaaround the perineurium and within the endoneurium, with some cells
present in the epineurium (C). DAPI staining revealed presence of cells in endoneurium seen in
blue (D). Scale bar at 500 piucleiwere imaged using an upright fluorescent microsacgeg

a DAPI «Fi BO®O renr 6 hm) o

Decellularisation of femoral nerves using method 2 saw no presence of cell
nuclei following DAPI labelling (Figure 4.3 B). However, this process resulted in
the degradation of the tissue architectuamd its connective tissues. The
endoneurium is not as compact and the fascicles have lost parts of the perineurium
layer. There is also a notable loss of surrounding epineurial connective tissue
(Figure 4.3 A).
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Figure 4.3. Decellularisation of porcine femoral nerve using increased SDS cycles.

Haemotoxylin and eosin stainiistpowed disruption of collagen fibrils within the endoneurium and

loss of surrounding perineurium around the fascicles. There was a notable loss of surrounding

epineurial tssues in the acellular femoral nerve (A); DAPI labelling showed no evidence of cell

nuclei which is usually seen in blue. The structure of the nerve tissue is seen in green (B). Scale bar

at 500 um Nucleiwere imaged using an upright fluorescent microscopu si ng a «3FAPI fil ter
3 00 ndrr 560 niw). Structure of tissue in green is the natural autofluorescence of the tissue

when imaged under a fluorescent microscope

Decellularisation of femoral nerves using methogh@ the complete destruction
of the nerve architecture revealed by haematoxylin and eosin staining as a result of
the increased temperature (Figure 4.4). Further analysis of the tissue was not

possible due to the quality of the tissue.
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Figure 4.4. Decellularisation of porcine femoral nerve using increased temperature.
Haematoxylin and eosin labelling of figure B and C show a complete loss of the nerves connective
tissue when compared to the native nerves structure (A). Scale bars at 586 260 pm

4.5Removal of fat from femoral nerve

It was proposed the reason for the poor decellularisation of porcine femoral nerves
was due to the large amount of fat present. This fat could be reducing the diffusion
of decellularisation solutions throughout the nerv&gctions of native femoral

and acellular nerves were stainegsing Oil Red O, to locate regions of fat and
adipocytes. The Oil Red O stain revealed a large presence of fat globules within
the internal structure of the nerves, which stained a reddasige colour(Figure

4.5 A). In the acellular nerve there was a notable loss of lipids (Figure 4.5 B).
Following decellularisation macroscopic observations indicated a large volume of

external fat and connective tissue still surrounding the nerves (Figut).4.5



114

Figure 4.5. Femoral nerve contained a large amount of adipose tissuaternal structure of
native femoral nerve stained with Oil Red O revealed large globules of lipid (red) surrounding the
tissue (blue) (A). Internal struariof decellularised femoral nerve stained with Oil Red O showing
loss of lipids after decellularisation (B). An acellular femoral nerve showing large amount of
external fat and connective still present (C). Scale bar at 500pum and 10 mm.

An investigationwas carried out to evaluate a method to remove the fat
from femoral nerves prior to decellularisation. Femoral nerves were submerged for
two hours in individual containers containing 200 mL of hexane, acetone or
chloromethanol (2:1 ratio) under agitatian120 rpm. Each sample was washed
three times using PBEDTA solution for 15 minutes. Sections of each solvent
treated nerve were evaluated histologically. Haematoxylin & eosin staining
demonstrated all three solvents had a destructive effect onstue tstructure,

albeit less so in the acetone solution (Figure 4.6).
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Figure 4.6. Removal of fat from femoral nerves.Nerves immersed in acetone (A and D) show
retention of structure, however nerve fascicles have flosir shape. Nerves immersed in
chloromethanol (B and E) and hexane (C and F) show complete destruction of tissue architecture.
Tissue structure shown in pink and cell nuclei in blue. Figur€sak x10 magnification and-b

at x20 maghnification Scale bat 100 um and 200 pm.

4.6 Decellularisation of sciatic branches and sural nerves

Due to difficulties in the decellularisation of porcine femoral nerves, the sciatic
branches (tibial and peroneal) and sural nerves were used. All steps of the following
deellularisation processes were carried out at 42 °C and the nuclease step carried

out at 37 °C unless otherwise stated.

4.6.1Method for the decellularised sciatic branches and sural nerves

After freeze thaw and disinfection, the sural and sciatic brancbeses were
washed in 200 mM EDTA solution for 24 hours at 4 °C. The nerves were then
subjected to three cycles of hypotonic buffer in the presence of aprotinin at 42 °C
for 24 hours with one of the buffers containing 0.1 % (w/v) SDS. The nerves were
thenwashed with PBS and 0.1 % (w/v) EDTA containing aprotinin for 58

hours at 4 °C. The nerves were subjected to one cycles of hypotonic buffer
containing 0.1 % (w/v) SDS for 24 hours and were then washed three times in PBS

at 42 °C for 30 minutes eatime before being further washed in PBS overnight.
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The following day the nerves were incubated in two nuclease cycles for three hours
at 37 °C at 50 rpm agitation for each cycle. Each nerve was then washed three times
in PBS at 42 °C for 30 minutes eachmé before being further washed in PBS
overnight. The nerves were then washed in hypertonic buffer at 42 °C and
incubated for 24 hours with agitation. The nerves were washed three times in PBS,
30 minutes each time at 37 °C before being sterilised wit®0(¥/v) peracetic
acid in PBS for three hours at room temperature 8YC) with agitation. Nerves
were then washed a further three times in sterile PBS at 37°C for 30 minutes each
with agitation and stored in the fridge at 4 °C.

In method 4 the nervesere subjected to two cycles of SDS and in method
5 three cycles of SDS was applied to the nerve samples. Table 4.3 summarises the

variables for decellularisation method 4 and 5.

Method | Nerve | SDS Incubation Agitation Nuclease
type cycles | temp (°C) speed (rpm) Cycles

4 Sural 2 42 240 2
Sciatic | 2 42 240 2
branches

5 Sural 3 42 240 2
Sciatic |3 42 240 2
branches

Table 4.3 Summary of the decellularisation runs carried out on the sural and sciatic
branches

4.6.2 Results of the decellularised satic branches and sural nerves
Haematoxylin & eosin staining of decellularised sural nerve and sciatic branches
showed retention of the nerve fascicles and connective tissue when both
decellularisation processes were applidte use of SDS does causendge to the
connective tissues; however, this was noticeable less with the two SDS cycles.
There was more pronounced damamed loss of connective tissue the
endoneurium and surrounding epineurium tissue when a three SDS cycle process
was used (Figures7G and H) Under higher magnification it was also discovered
that there were fewer and less compact collagen fibres within the endoneurium after
three SDS washes (Figure 4.7 (Despite the fact that two different nerve types

were used (sciatic neevbranches and sural nerve) cell nuclei were visible in



either nerve type for both decellularisation protocols (Figure 4.8 and Z1i8).
demonstrates that the decellularisation process can efficiently remove cells for

nervesof all sizes

Native Method 4 Method 5
A D G
500 pm 500 pum 2 500 LM
B N H
. E b
Epineqrigm “

Endoneurium

| 200 pm 200 um 200 um
C v . F l K
- Perineurium
100 pm 100pm ~100pm

Figure 4.7 Decellularisation of sural nerve with two and three cycles of SDBaematoxylin and

eosin of native sural nerves {@); Method 4 shows retention of nerve structure and connective
tissue in the acellular sural nerves after decellularisatitim two SDS cycles (EF); Method 5

shows retention of nerve structure and connective tissue in the acellular sural nerves after
decellularisation with three SDS cycles-[G There was noticeable damage to the nerves
endoneurium as indicated by the arsofi) as well as loss of collagen within the endoneurium (1).
Scale bar at 500 um, 200 um and 100 um respectively.
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Figure 4.8. Cells removed in both decellularisation rundDAPI labelling showed no evidence of
nuclei in both decellurisatioruns (B & C) when compared to the native nerve (A). Tissue structure
shown in green and cell nuclei in bldducleiwere imaged using an upright fluorescent microscope
using a D&PI 300 |h=ab50 Mg Structure of tissue in green in the natural
autofluorescence of the tissue when imaged under fluorescent microScafgebar at 200pum

Native Method 4 Method 5
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Figure 4.9 Decellularisation of sciatic branches with two and three cycles of SDS.
Haematoxylin and eosin of native sciatic branchesCjAMethod 4 shows retention of nerve
structure and connective tissue in the acellular sciatic branches aftéuldgsation with two SDS
cycles (DF); Method 5 shows retention of nerve structure and connective tissue in the acellular
sciatic branches after decellularisation with three SDS cyclds (ere was noticeable damage

to the nerves structure as indedtby the arrow (H) as well as loss of collagen within the
endoneurium (I). Scale bar at 500 um, 200 pm and 100 pum respectively.
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Native Method 4 Method 5

Figure 4.10. Cells removed in both decellularisation runs. DAPI labelling shows no evidence
of nuclei in both decelluiisation runs (B&C) when compared to the native nerve (A)Tissue
structure shown in green and cell nuclei in bNaclei were imaged using an upright fluorescent
mi croscope usi =y A0 0DHPAHS0MM)dStrueture of tissue in green in the
natural autofluorescence of the tissue when imaged under fluorescent micrdcaleebar at
200um

The DNA was gtracted from native and acellular porcine sciatic branches using a
commercially available kit and quantified using spectrophotometry at 260 nm. The
results revealed a significaregduction in the sciatic branches (n = 3) when both
decellularisation procsss were applied={gure 4.11) There was an 84 % (w/w)
DNA reduction using two cycles of SDS and an 88 % (w/w) reduction using three
cycles of SDS when compared to fresh samfie8.05, Studentstest) The sural
nerve could not be analysed due to tifigcdlty in obtaining a large enough sample

size to quantify.
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Figure 4.11. DNA content of fresh and decellularised porcine sciatic branches determined by
Nanodrop spectrophotometry.A significant reduction of 84% using two cycles @S and 88%
reduction using three cycles of SDS compared to fresh tissue. Data was analysed using the unpaired
St u d etest abicsis presented as the mean (=3 % C.I(p<0.0001****)

4.7 Optimising the decellularisation of sciatic branches

The prewus results indicated that both the sural and sciatic branches have the
capacity to be decellularised however further optimisation was required to reduce
to DNA content within the tissue whilst maintaining its structure. Two
decellularisation process weapplied to samples of nerve, in both processes the
nuclease cycles were doubled, however one was subjected to one SDS cycle whilst
the other to two SDS cycles. The sciatic branches were chosen as the predominant

nerves to be used throughout the studytdusase of procurement.

4.7.1 Method for the optimised acellular sciatic branches

After freeze thaw and disinfection, the sciatic branches nerves were washed in 200
mM EDTA solution for 24 hours at 4 °C. The nerves were then subjected to three
cycles ofhypotonic buffer in the presence of aprotinin at 42 °C for 24 hours with
one of the buffers containing 0.1 % (w/v) SDS. The nerves were then washed with
PBS and 0.1 % (w/v) EDTA containing aprotinin for 486 hours at 4 °C. The
nerves were subjected tme cycles of hypotonic buffer containing 0.1 % (w/v)
SDS for 24 hours and were then washed three times in PBS at 42 °C for 30 minutes
each time before being further washed in PBS overnight. The following day the
nerves were incubated in two nuclease cy/éte three hours at 37 °C at 50 rpm
agitation for each cycle. The nerves were then washed overnight in PBS at 42 °C.
The following day the nerves were again incubated in two nuclease cycles for three

hours at 37 °C at 50 rpm agitation for each cycle. hEmrve was then washed
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three times in PBS at 42 °C for 30 minutes each time before being further washed
in PBS overnight. The nerves were then washed in hypertonic buffer at 42 °C and
incubated for 24 hours with agitation. The nerves were washed theseitirRBS,
30 minutes each time at 37 °C before being sterilised with 0.1 % (v/v) peracetic
acid in PBS for three hours at room temperature 8 C) with agitation. Nerves
were then washed a further three times in sterile PBS at 37°C for 30 minutes each
with agitation and stored in the fridge at 4 °C.

In method 6 the nerves were subjected to one cycle of SDS and in method
7 two cycles of SDS was applied to the nerve samples. Table 4.4 summarises the

variables for decellularisation method 6 and 7.

Method | Nerve SDS Incubation Agitation Nuclease
type cycles temp (°C) speed (rpm) [ Cycles

6 Sciatic ! 42 240 4
branch

7 Sciatic 2 42 240 4
branch

Table 4.4 Summary of the decellularisation runs carried out on the sciatic branches.

4.7.2 Results of the optimisd decellularisation for the sciatic branches
Haematoxylin & eosin staining revealed that both processes preserved the native
nerve structure with intact fascicles, perineurium and epineurial connective tissue
(Figure 4.12). Higher magnification of faslds revealed damage to collagen
within the endoneurium when method 7 was used (Figure 4.12 F) compared to
method 6 (Figure 4.12 G). This showed that method 6 was more effective in
retaining the native nerve structure. DAPI revealed no cell nuclei dewbis

in both methods (Figure 4.13). Thissult provided evidence of removal of cells

from porcine sciatic branches after both decellularisation runs.
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Figure 4.12 Decellularisation of sciatic branches with onand two cycles of SDS and extra
nuclease washMethod 6 showed good retention of nerve structure and connective tissues in the
acellular sciatic branches after decellularisation with two SDS cycle3)(Method 7 showed
retention of nerve structure and noective tissue in the acellular sciatic branches after
decellularisation with three SDS cycles-f), however there was notable damage to the collagen
in the endoneurium indicated by the arrow (F). Scale bar at 500 um, 200 pm and 100 pm
respectively.
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Figure 4.13. Cells removedn both decellularisation runs. DAPI labelling showed no evidence
of nuclei in Method 6 using one SDS cycle-fpand Method 7 using two SDS cyclesI)Gvhen
compared to the native nervehieh has cells within the endoneurium and around the
perineurium(AC). Each image shows the transverse sections of the nerve fasTistes structure
shown in green and cell nuclei in bldducleiwere imaged using an upright fluorescent microscope
usihg a DAP&k= f30Q emnbhOenmpeStructure of tissue in green in the natural
autofluorescence of the tissue when imaged under fluorescent microScafebar at 100um

Quantification of DNA extracted from native and acellular porcoi&tie branches
revealed a significanteduction in the sciatic branches (n = 3) in both
decellularisation processes (Figure 4.14). There was a 95 % DNA reduction using
one cycle of SDS and a 94 % reduction using two cycles of SDS, when compared

to nativesampleqp < 0.0001, Studentstest)
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Figure 4.14. DNA content of native and acellular porcine sciatic branches determined by
Nanodrop spectrophotometry.The DNA was extracted from the tissue using a DNeasy blood and
tissue kit. Tle extracted DNA samples were loaded onto a Nanodrop and read at an absorbance of
260 nm Results showed a significant reduction of 95% using one cycle of SDS and 94% reduction
using two cycles of SDS compared to native tissue. Data was analysed usimgasadistudents

t-test and is presented as the mean (n=3&) % C.I(p < 0.0001****)

4.7.3Summary of the decellularisation method development for porcine
peripheral nerves

In this study three types of peripheral nerves (femoral, sural and sciatibésanc

were assessed using seven methods. Each method used the steps shown in Figure
4.1; however, the variables included a change in nerve type, temperature, agitation
speed as well as the number of SDS and nuclease cyal#s.4.5 summarises the
experimatal variables for each decellularisation run and the effects on the nerve

tissue.Table 4.6 summarises the amount of DNA removed from metheds 4



Method Nerve type | SDS cycles| Incubation temp | Agitation Nuclease Results
°O speed (rpm) Cycles
1 Femoal 2 37 120 2 Cells found in the endoneurium
2 Femoral 3 42 120 2 Cells removed but structure w
damaged
3 Femoral 2 45 120 2 Complete destruction of tissue
4 Sural 2 42 240 2 Retention of structure and DAF
staining revealed no cells
Sciatic 2 42 240 2 Retention of structure. DNA assé
branches revealed 84 % cell reduction
5 Sural 3 42 240 2 Retention of structure albeit mo
damage due to increased SDS cycle.
Sciatic 3 42 240 2 Retention of structure albeit mo
branches damage due to incased SDS cycle
DNA assay revealed 88 % cell reducti
6 Sciatic 1 42 240 4 Retention of structure. DNA assé
branches revealed 95 % cell reduction
7 Sciatic 2 42 240 4 Retention of structure albeit mo
branches damage due to increased SDS cy

DNA assay revealed 94 % cell reductic

Table 4.5. Summary of experimental variables investigated to optimise peripheral nerve decellularisatio
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Method DNA content of fresh | DNA content of Percentage of
tissue (ng.mg") decellularised tissuel DNA removed
(ng.mg*) (%)
4 325+ 27.61 52.07£7.75 84 %
5 325+ 27.61 38.84+6.95 88 %
6 698.40+ 95.73 3653+ 10.72 95 %
7 698.40+ 95.73 43.85+7.03 94 %

Table 4.6Summary of DNA removal from decellularisation processedDNA content of native
(n = 6) and acellulagn = 6) porcine sciatic branches determined by Nanodrop spectrophotometry
at 260 nm (mean * 95 % C.1.) and percentage of DNA removal after decellularisation.
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4.8 Discussion
The aimof the work presented in thiShapter was to develop@ocess for the
decellularisation of porcine peripheral nerwjch eliminated the cellular content
within the tissue whilst retaining the native histioarchitecture.

The decellularisation procedure developed used a combination of chemical
and enzymatic gatments, based on the process developed by Wilshaw et al (2012)
and modified for porcine peripheral neWilshaw, Rooney et al. 2012The first
step of the process was a single fremav cycle to open up the tissue ECM,
increasing the susceptibility of subsequent decellularisation reagents. The nerves
were disinfected and then exposed to a solution of 200 mM EDTA. EDTA inhibits
matrix metalloproteases as well as chelating divalent metal ions (in particular such
as C&"), which disrupts cell attachment to the ECM by interfering with the integrin
secondary structure and consequent bin¢{lhcfetridge, Daniel et al. 2004

This was followed by sequential incubation in hypotonic Tris buffer to lyse
the neuronal and glial (Schwann) cells and 0.1 % (w/v) SDS in hypotonic buffer.
SDS is widely considered to be an excellent decellularisation agent effectively
removes DNA remnants angitoplasmic proteins by solubilising the lipid-laiyer
of the cells and forming micelles around the cell membrane and its proteins. SDS
has been shown to retain the structure of the nerves important ECM components
such as the basal lamina, laminin andditectin (Wakimura, Wang et al. 2015
Wang, Itoh et al. 2005

A nuclease step was incorporated with the addition of Benzonase, a
nuclease which degrades both DNA &idA followed by a wash in hypertonic
buffer which was used to further remove cellular proteins. The activation of
proteases in natural tissues during decellularisation can lead to extensive autolysis
of ECM proteins and can cause major damage to thesteughd function of the
scaffold (Bodnaet al, 1986; Courtmametal., 1994; Pachence, 1996, Walktsal,
2003). Aprotinin, a serine protease inhibitor was therefore incorporated to preserve
the ECM components all stages of decellularisation aparorfr prior to and
during nuclease treatment in order to not compromise the action of nuclease
enzymes.

Sterilisation of the tissue was carried out using 0.1 % (v/v) peracetic acid

for three hours followed by extensive washing in PBS to remove residual SDS.



128

Peracetic acid is a commonly used disinfection agent, widely used to disinfect
surgical instruments due to excellent antal propertiegRutala and Weber 20p4
in addition to doubling up asdecellularisation age(ilbert, Sellaro et al. 2006

The femoral nerve was the first nerve to be identified duts targe size
and easy location within the porcine leg. All three decellularisation methods for the
femoral nerve were limited in their ability to eliminate the cell content, whilst
preserving the tissue architecture. Method 1, a decellularisation prdeax@loped
for porcine carotid arteries used a mild treatment which retained the nerves native
structure; however, the presence of cells was still seen in the nerves endoneurium.
Method 2 was based on the decellularisation of bovine carotid arterieansaw
elimination of cells from the tissue however the increase in SDS cycles severely
damaged the nerve fascicles. Method 3 saw the complete destruction of the tissue,
most likely due to the increase in the temperature.

Throughout all the decellularisatisaons carried out on the femoral nerve
the decellularised femoral nerves still contained a large amount of external fat and
connective surrounding the tissue which may have prevented the chemical and
enzymatic treatments from fully penetrating into theugsstructure. Adipose
tissue in general plays a functional role in protecting nerves. Nerves which are
subjected to high pressure and strain such as the femoral and sciatic nerves contain
a higher portion of adipose tissue to protect the nerve by cuspitrerfasciculi
(Sunderland 1945 Native and decellularised nerwssre stained with Oil Re@®
to deduce whether internal lipids within the tissue were also preventing the nerve
from being successful decellularised. Histological characterisation of the native
nerve showed large deposits of lipids shown in orange; however, for the
decellularised nerve there were no signs of lipids. The removal of lipids after
decellularisation have beehown in porcine adiposissue(Brown, Freund et al.
201]) and adult and raimentum (Porzionato, Sfriso et al. 2013

To try and eliminate the external fat from the femoral nerve the tissues were
immersed in alcohols as they are known to remove the insolplals fromtissue
(Flynn 20109 Brown, Freund et al. 20)1Femoral tissues were immersed into three
different alcohol solvents which included chloromethanol, acetone and hexane.
These solvents have all been used in previous decellularised studies to remove lipid

in biological tissuesuch as porcine dermis, cartilage and omen{Baldoni,
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Bolognani et al. 1994Yang, John et al. 20071.umpkins, Pierre et al. 2008
Prasertsung, Kanokpanont et al. 200@ntoya and McFetridge®9).

Chloromethanol is formed from ahloroformmethanol mixture. The
chloroform extracts mainly neutral lipids such as triglycerides whilst methanol
extracts celmembrane lipids such phospholipids, glycoproteins @raesterol
(Ferraz, Fiuza et al. 20D4Acetone which is polar solvent selectively removes
hydrophobidipids (Bancroft and Gamble 20p&hilst hexane which in nepolar
solvent also removes neutral lipids such as triglyceritresraz, Fiuza et al.
2004).From our reults all of these solvents damage the ECM of the nerve tissue.
Chloromethanol and hexane completely destroy the nerves ECM structure whilst
the acetone is less damaging to the structure. Previous studies have reported
damage to the ECMItrastructurgCole 1984 as well as precipitation groteins
(Jamur and Oliver 2030Qusing these alcohols. The use of alcohol solvents to
eliminate to external lipid content of the femoral nerve tissuegoromsuccessful.

The solvents damaged the internal structures of the nerves making them inadequate
as a nerve gratft.

From these previous experiments it was deduced that the optimal
temperature for nerves to be decellularised is at 42 °C and that it nragrbe
feasible to choose a nerve which did not contain so much surrounding connective
and fat tissue.The study focus subsequently shifted towards using smaller
peripheral nerves such as sural nerve and the branches of the sciatic nerve. Sural
nerves havéeen used as an autograft in patients and decellularised xenogeneic
sural through cold preservatiqiless, Brenner et al. 200and peroneal/tibial
nerves through chemical extractigdu, Zhu et al. 2007 have been used as
scaffolds in tissue engineering applications.

Methods 4 & 5 comprised of incubating the sural and peroneal / tibial
nerves (sciatic branches) at 42 °C with inceglagitation. In method 4 the nerves
were subjected to two cycles of SDS whilst in method 5 they were subjected to
three. Histological evaluation showed retention of the fascicles and the connective
tissues for both methods. Nonetheless damage to thelésses well as loss of
collagen within the endoneurium was more evident for method 5; this was not
unexpected as SDS can cause damage to ECM components such as collagen. The
guantification assay does show a slightly lower DNA content in method 5, most

likely attributed by the extra SDS cycle. Nevertheless, when considering the



130

damage SDS does to the structure as well as the increased chance of residual SDS
being retained in the tissue it was decided that increasing the SDS cycles was not
an efficient way © removing cells whilst trying to maintain the nerves
histioarchitecture.

Methods 6 & 7 solely concentrated on the sciatic branches due to ease of
procurement and availability. The nuclease cycle was doubled for both processes
and the SDS cycles were regul to one and two respectively. Haematoxylin and
eosin and DAPI stained images showed no evidence of cell presence in the
decellularised tissue, indicating the removal of cells. Haematoxylin and eosin
staining showed that both decellularisation runs meahag retain the native nerve
structure. In both processes the fascicles as well as the connective tissues were
maintained. Evidence of damage was more evident in the nerves subjected to two
cycles of SDS which caused more extensive damage to the colaidm the
endoneurium. This may be due to the cells being predominantly located within the
endoneurium.

Both methods achieved the criteria defined by Crapo et al (2011) in terms
of removal of cells from the tissue and a 95 % DNA reduction was madibleos
with just one SDS cycle. This DNA reduction value is comparable t8dhdell
method and Hudson methadhose overall reduction in cell content was 98 %
(Sondell, Lundborg et al. 199&nd 97 %{Hudson, Liu et al. 2004 respectively.

It is important to note that the Hudson study was carried out on rat sciatic nerve
and analysed for removal of cellular protein whilst our study usetrn@onerves

and quantifiedotal DNA content (single and double stranded DNA) in the tissue.
Further characterisation of the decellularised sciatic branches according to Method
6 will be discussed in the subsequent chapter. This will include the effgcts o
decellularisation process has on the nerves ECM and how it compares to other

methods.
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4.9 Conclusiors
A decellularisation method for porcine peripheral nerves was developed based on
the original method described by Wilshatval. (2012). Sevel methods were
tried and tested on different segments of peripheral nerves found in the lower limb.
It was deduced that sural and sciatic branches (peroneal/tibial) can be successfully
decellularised. The sciatic branches were however chosen solely asrttes to
be used throughout the study for consisteftye sciatic branches were selected
due to their size, ease of procurement and the availability of the tigslilke the
femoral and sciatic nerve, the sciatic branches are smaller and contain less
surrounding adipose tissue which makes it easier for the decellularisation solutions
to penetrate into the tissue and remove the cells. The study has also demonstrated
that porcine sural nerve may also be efficiently decellularised. Nonetheless there is
alimited amount of sural tissue which can be obtained from the porcine leg, making
it difficult to use for certain experimental analysis such as DNA quantification.

The optimised decellularisation procébsethod 6)consists of the nerves
being subjectedbdtfour nuclease cycles and one SDS cycle at a temperature of 42
°C with agitation Histological characterisation revealederall betteretention of
the nerve fascicles,@ig with its connective tissues, most likely due to the use of
only one SDS cycleThe DNA quantification assay revealed a 95 % DNA
reduction, which adheres to the decellularisation criteria as well as being
comparable to the established Sondell and Hudson proteaxher evaluation of

the decellularisation methadll be discussed iChapter 5.
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Chapter 5. Characterisation of Native and Acellular Porcine
Peripheral Nerves

5.1 Introduction

A successful decellularisation process should be able to produce an acellular
scaffold which retains its native architecture and be dewtidcells. A
decellularisation process has the capacity to alter the native histioarchitecture,
biocompatibility, strength and composition of the extracellular matrix (ECM) and
its components. Therefore, if being used clinically it is vital to asses$f¢ioe &

the process by undertaking biological characterisation and mechanical testing of
the acellular nerve and comparing it to its native counterpatrt.

Peripheral nerves consist of a three dimensional ECM and basal lamina.
These are the necellular compnents of the nerve tissue that along with Schwann
cells and axons comprise the endoneurium and form nerve fascicles. The ECM is
a highly organised dynamic three dimensional network which is the product of
resident cells (i.e. Schwann cells) such as pmeteiglycoproteins and
proteoglycansThe ECM provides structural support for tissues, cell layers and
individual cells as well as fundamental cell processes such as cell growth, adhesion,
migration, proliferation, differentiation and gene expresg@ao, Wang et al.
2013 by sensing different environmental stimuli goviding specific inputs to
the surrounding cells. In addition, the ECM captures and releases a wide range of
growth factors. In the peripheral nervous system (PNS) the three dimensional
ultrastructure, surface topology and composition of the ECM peoyickcise
guidance for axonal regeneration.

The basal lamina is a Schwann cell product consisting of continuous
laminin tubes (~1@ mdiameter) embedded within the ECM. The basal lamina also
contains important components such as fibronectin, collagepratebglycans, all
of which help promote axonal outgrowtiWeinstein 1999 In peripkeral nerve
tissue, the important ECM components include collagen tydesil and IV,
laminin, fibronectin and chondroitin sulphate proteoglycans (CSR&zs), Wang
et al. 2013

Collagen is a structural protein and is the main ECM constituent found in

all three connective tissue layers within the PN&llagen typd and Il together



constitute approximately 49 % of total protein in the ne(Besge, Bunge et al.
1989. The collagenous matrix surrounds and protects individual axons and their
Schwann cell sheaths from traurftaindborg 200 In the PNS, two classes of
collagen molecules are expressed,; fibril forming collagens (typesandV) and
basement membrane collagen (8¢ (Koopmans, Hasse et al. 2Q0€ollagen
I, the most predominant collagen in the human body, is localised primarily in the
epineurium whilst collagen 11l is located within the endoneurium and perineurium.
Whilst the bulk of fibril forming collagen is synthesized by fibroblasts,
Schwann cells and perineurial cells secrete theftboifiar type IV collagen of
basal lamina.Collagen IV is an important structural component of basement
membranes, integrating ECM proteisisch as laminin and perlican into a stable
supramolecular aggregdatdudson, Reeders et al. 199ting the outer aspect of
endoneurial capillariess well asurrounding the processes of Schwann cells and
perineurial cell§Alovskaya, Alekseeva et al. 2007
Laminins are glycproteins, existing witim the endoneurium and
perineurium of the peripheral neryBalm and Furcht 1983forming a major
structural element of the basement membrane, the basal i@z 1996). They
are produced by Schwann cells and are distributed along the cell surface in a
continuous band. Evidence suggests that Schwann cells require an organised basal
lamina to properly ensheath and myelinate aX@isemski, Johnson et al. 1993
Laminin plays many roles within the PNS including promoting neurite outgrowth
and survivalEdgar, Timpl et al. 1994uch agaminin2 ( U2b1921)-8 and | ami
(U2b121) which are important for postnat al
for axonal regeneration after injufyallquist, Patarroyo et al. 20p2.aminin also
provides atichment sites for cells via cell surface protéfeim and Furcht 1983
(Henry and Campbell 199@&s well agproviding attachment points for axons to
extend ad exert forces on the ECNLaura, Leipzig et al. 2008 In addtion,
laminin act as a ligand for cell receptors (e.g. integrins), thereby initiating signals
that influence cell behaviour and surviy&chwartz 2001 Cellular studies have
also revealed laminin enhances neuronal cell sur¢iddar, Timpl et al. 1984
and guide growth con€Bodd and Jessell 1988 study conducted by Lein 1992
also showed that laminin had the ability to amte axonal growth using

hippocampal neurons in cultufeein, Banker et al. 1992
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Fibronectin is a cell surface associated glycoprotein produced by Schwa
cells, predominantly located in the perineurium. It contains different functional
domains that directly bind onto various molecules such as fibrin, collagen and
heparin(White and Muro 201)1as well aswo domains that support cell adhesion.
One is the central cellinding domain that is recognized by a variety of cell types
via the integrin alpha 5 beta 1. The second is located in the alternatively spliced
type 1l connecting segmentliCS) (Komoriya, Green et al. 1991In the PNS
neurons can extend neurites on the two don(&lomphries, Akiyama et al. 1988
Fibronectin plays a role in peripheral nerve repair as they promote Schwann cell
growth and motility (BaronVan Evercooren, Kleinman et al. 1982hmed,
Underwood et al. 2003

CSPGs are proteoglycans consisting of @gin core and a chondroitin
sulphate side chain which are produced by Schwann cells. In the PNS they exist
mainly in the basal lamina and ECM surrounding collagen fil{@gquino,
Margolis et al. 1981 These proteoglycans have been implicated in the regulation
of axonal growth, however it has been found that CSPGs bind to and inhibit the
neuritepromotng activity of laminin. It has been observed that after a nerve injury
there are markedly upregulated levels of inhibitory CSPGs levels which
accumulate in the endoneurial tissue surrounding the Schwann cell basal laminae
(Zuo, Hernadez et al. 1998 consequently CSPGs play a negative role in nerve
regeneration.

The decellularisation process can alter the ECM composition as well as the
components of the nerve. The solutions used in the process such as sodium dodecyl
sulphate (SDShave been associated with ultrastructure disrupiind GAG
depletion(Kasimir, Rieder et al. 200&ilbert, Sellaro et al. 20Q60tt, Clippinger
et al. 2010, whilst peracetic acid (PAA) treatment has been show to disrupt the
collagen structuré_omas, Jennings et al. 2004 is therefore important to try and
retain the significant ECM conopents. By doing so the acellular nerve can provide
a suitable environment for cellular growth and nerve regeneration.

The biocompatibility of any acellular scaffold is important whether it is to
be used as a clinical graft iorvitro model. Solutionssed in the decellularisation
process such as SDS detergent, EDTA, aprotinin and the PAA are known to be
cytotoxic(Koulaouzidou, Margelos et al. 1999ewby, Barr et al. 20Q@agripanti

and Bonifacino 2000 Therefore, to ensure that the reageunsed in the



decellularisation protocol were adequatemoved from the tissue vitro
cytotoxicity testings carried out.

Under normal physiological conditions nerves are exposed to various
mechanical forcesTheseinclude tensile, compressive or shear stress or as a
combination of stresses (Figure 5.1)i&kial tensile testing is a standard method
used in the evaluation of the mechanical properties of biological tigkwes,

Wall et al. 1992Millesi, Zoch et al. 1993Borschel, Kia et al. 20Q®hillips, Smit
et al. 2004.

= =)

Figure 5.1. Physical streses placed on peripheral nerve. Tensile stress applied longitudinally
to the peripheral nerve creates an elongation of the nerve (and an increase in strain). The
transverse contraction that occurs during this elongation is greatest at the middle of the
section undergoing tensile stress. Reproduced from Topp and Boyd (2006)

The mechanical behaviour of a nerve segment under longitudinal tensile force can

be described by a standard stregain curveThe typical stresstrain behaviour

of peripheral nervekas been illustrated in SectionV®hen a load is first applied

to a resting nerve the nerve lengthens markedly relative to the applied load, this is

known as the fAtoe regiono of the curve. /
elongates at a steady eademonstrated by the linear region of the stsérssn

curve. This elongation is due to extension of the epineurium and straightening of

the funiculi and of the nerve fibres. Suct
that it does not affect the nve fibres(Haftek 1970. The slope of this portion of

the curve is a measure of the resistance of the nerve to deformatiorkana/is

as the Youngbés Modulus or modulus of el as
nerve has more stiffness and less elasticity whilst a shallower slope shothe tha

nerve is more compliant.
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At a certain point the amount of applied load startsstonanently deform
particular elements of the nerve. This ultimate stress or ultimate strain represents
the transition between the recoverable (elastic) strain and plastic (permanent)
deformation areas of the strestgain curve. In the plastic region oktleurve the
nerve reaches its ultimate elongation and undergoes mechanical fadppeand
Boyd 2006.

Minor increases in tensile load create significant elongation of the nerve
because of the failure of the infrastructure of the nerve, including perineurial
components. There are fewer intact structel@mnents to provide resistance and at
this point the nerve behaves like a viscous matétiaftek 1970.

Decellularisation soluwns applied to biological tissues have been shown to
affect the mechanical properties of t&&€M (Courtman, Pereira et al. 1994
Palsson BO 2004Interms of nerve repair any change in biomechanical properties
can impede the regeneration of the nerve. Properties such as stiffness must be
equivalent with their native counterpart so as to resistvo physiological loads
during nerve regeneration. &adition, the nerve scaffold must be flexible to allow
bending without kinking. It is important to have a balance between stiffness and
flexibility as scaffolds that are too stiff can easily become dislocated and scaffolds
which are too flexible fail to qaport axonafkegeneratior{So and Xu 2016 It is
therefore important to study the effect these solutions have on the bioneathan
properties of the acellular tissue. This can be achieved by uniaxial tensile testing
the acellular nerve and comparing them with their native counterpart.

The acellular porcine peripheral nerves used in all of the studies in this
chapter were produdeising decellularisation Methdi{described in Section 4.3).

In this chapter the acellular nerves were assessed in terms of their retention of key

ECM componentdn vitro biocompatibility and mechanical integrity.
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5.2 Aims and objectives

Aims:

The aim of thisChapter was to investigate the effects of a newly developed

decellularisation process on porcine peripheral nerves
Objectives:

To determine the effects of decellularisation on the presence of specific ECM
proteins by comparison with natipercine peripheral nerves

To determine the biocompatibility of the acellular scaffold ugingtro techniques

To determine the effects of decellularisation on the biomechanical properties by

comparison with native porcine peripheral nerves



5.3Methods
Decellularisation of porcine sciatic branches (peroneal and tibial nerves) nerves

was performed according to the methodology described in in Section 4.3 (Method
7). The sciatic lanches (5cm) and sural nervecrf8 were subject to
decellularisation (n =3) and were used for histology. Acellular sciatic branches (n
=3) were also used for immunohistochemistry, biochemical and contact
cytotoxicity analysis. The peronealOgm) and tibial (Dcm) were subject to
decellularisation (n =3) ahwere used for mechanical testing.

5.3.1 Histological staining

Specific histological stains were used to determine the histioarchitecture of the
decellularised porcine peripheral nerves and locate specific ECM components.

Native and acellular nerves wdneed with 3.7 % (v/v) formaldehyde for 24 hours

and embedded into paraffin wax as describegation 2.2. Tissue sections of 6

10 em were prepared transversely and col |l
stains were used: sédmstiostam, aSingte istains was esedto/ Mi | | €
identify the distribution of collagen and elastin in the tissue. Reticulin stain for

collagen Il and Alcian blue PAS stain to localise GAG's in tissue. The slides were

viewedusing an upright microscope undéher Khéleror polarised illumination.

5.3.2 Biochemical assays

Samples ofnhative g = 6) and acellular (n=6) porcine sciatic branchesere
lyophilized to a constant weight prior to biochemical assay collagen and sulphated
GAG content.Each sample corsgting of 100 mg tissue were macerated with a
scalpel blade and placed in a sterile 1.5 mL microcentrifuge tube. The samples were
then freezalried; the mass of each sample was recorded daily until a consistent

weight was achieved (approximately 25 mg).

5.3.2.1 Glycosaminoglycan (GAG) quantification of porcine peripheral nerves

A modified GAG assay according {&arndale, Buttle eal. 198§ was used to
quantify the amount of sulphated GAGs present in tissakowing
decellularisation. The assay is based on changes in the absorption spectrum of the
cationic dye 1,9dimethylmethylene blue (DMB dye) when bound to sulfated
GAGs toform a complex(Farndale, Buttle et al. 1986The amount of GAGs
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present was determined by compagrihe proteoglycan levels in the natiisstie
to the acellular tissue.

Papain was used to digest lyophilized samples by adding 5 rBD of.
mL-1 papain digestion solutiond250 Units of papain in 25 mL of digestion
buffer; 5 mM L-cysteine hydrochlorigi 5 mM NaEDTA).

Samples were incubated for 3@8 hours in an oven at 60 °C and diluted
1:50 in GAG assay buffer (68.5 mL of 0.1 M sodiurrhgidrogen orthophosphate
and 31.5 mL 0.1 M dsodium hydrogen orthophosphate). The pH was adjusted to
6.8 so thathe absorbance of the unknown falls within the linear region of the
standard curve.

GAG assay standards were prepared by diluting the primary standard (10
mg Chondroitin sulphate B in 10 mL GAG assay buffer) to known concentrations:

Standard concentraion | Volume of primary | Volume of buffer (uL)
(ug. mL?) standard (uL)

200 40 160
150 30 170
100 12 180
50 10 190
25 5 195
12.5 5 395
6.25 5 795
3.125 5 1595
0 0 250

Table 5.1 Table of GAG assay standards

40uL of each standard, blank (GAG assayféubnly) or tissue samples
were added to a clear flabttomed 96 well plate and 250 uL of DMB dye solution
(0.008 mg 1,9 dimethylene blue in 2.5 mL ethanol, 1 mL of formic acid and 1 g of
sodium formate; volume made up to 500 mL using distilled watepHratdjusted
to 3.0) was added to each well and rocked slowly for two minutes on a plate rocker.
Sample optical density was measured using a micro plate spectrophotometer at 525
nm. The blank values (GAG assay buffer) were subtracted from all standards and

tissue samples and a standard curve of chondroitin sulphate B concentration against



absorbance was created using GraphPad Prism. The unknown values were

interpolated using a linear regression of the standard curve.

5.3.2.2 Quantification of hydroxyproline content in porcine peripheral nerves
A hydroxyproline assay was carried out to determine the total remaining collagen
remaining in tissuéollowing decellularisation by comparing the hydroxyproline
(amino acid found in collagen tripeptide) levels inveatnd acellular nerve$he
procedure adopted was based on the method described by Woessner and
subsequently modified bfedwards and O'Brien 1980This assay is centered on
the oxidationof hydroxyproline by chloramine T (sodiumN-chloro-p-toluene
sulfonamide) which reacts witlp-dimethylaminobenzaldehyde to form a
chromophore that can be measured at 57¢Stegemann and Stalder 1967

Prior to the assay the tissue samples were hydrolysed (hydrolysis of peptide
bound hydroxyproh e) i n 5 mL of 6 M hydrochloric ac
For the assay a series of known concentrations was made up using primary and
secondary standards. The primary standard was prepared by adding 25 g trans
hydroxyproline in 25 mL assay buffé¥3.3 g citric acid, 3.2 mL glacial acetic acid,
32 g sodium acetate, 9.1 g sodium hydroxide and 80 mL prbjoduim 400 mL
distilled water with pH adjusted to 6:06.5 using 6 M HCL). The secondary
standard was prepared by diluting 1 mL of the primaayndard in 9 mL assay
buffer.
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Standard  concentration| Volume of secondary| Volume of buffer (L)
(ug. mLY) standard (pL)

30 750 1750
25 625 1875
20 500 2000
15 375 2125
10 250 2250
8 200 2300
6 150 2350
4 100 2400
2 50 2450
0 0 2500

Table 5.2 Table of hydroxyproline assay standards

50 pL of each standard and acid hydrolysed test solutions (diluted 1:20 in
assay buffer so that readings fall within the range of the assay) were added to a
clear flatbottomed 96 well plate. 100 pLh®ramine T solution (1.41 g chloramine
T in 100 mL distilled water) was added to each well and the plate was shaken for
5 mi nut es at 60 rpm on a shakger. 100ul
dimethylaminobenzaldehyde), 30.0 mL prodaal, 13.4 mL 60 %; viv
perechloric acid and 6.6 mL distilled water) was added to each well and the plate
was incubated at 60 eC for 45 minutes. T
determined at 570 nm using a micro plate spectrophotometer, which measured the
optical densities. Té blank values (assay buffer) were subtracted from all
standards and tissue samples and a standard curve of hydroxyproline concentration
against absorbance was determifsdinterpolation from a traré-hydroxy-L-
proline standard curve. The total collageontent was calculated by using a
hydroxyproline to collagen ratio of 1: 7.§@nat'eva, Danilov et al. 20D7

5.3.3 Immunohistochemical evaluation of acellular peripheral nerves
Laminin and fibronectin proteins were localisedsing fluorescent
immunolabelling. (Table 5.3). Native @acellular nerve samples were fixed using
3.7 % (v/v) formalin and embedded into paraffin wax; each sample was sectioned
at6-1 0 e m. S e petmeabilised witheOrl &6 (v/v) Triton-X00 diluted in
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PBS for 20 minutes. Samples were then incubated Wi % (w/v) bovine serum

albumin diluted in PBS at room temperature for an hour, followed by washing once

with 1 % (w/v)BSA in PBS. Tissue samples were incubated with primary antibody

(diluted to appropriate concentration with 1% BSA) at 4 °C overnigha

humidified chamber. The following day the samples were washed three times with

PBS, five minutes each time and then incubated with secondary FITC conjugated

antirabbit antibody at room temperature in the dark for one hour. Each section was

then washé three times with PBS for five minutes and counterstained with 300

nM DAPI in PBS and incubated for twenty minutes in the dark at room

temperature. Sections were then washed three times with PBS for five minutes and

imaged using a Zeiss LSM510 META uprigtonfocal microscope (xenon arc
lamp to exsi 4e5mrm6/ALA6anm) . Nucl

300 nsr 510 n. Bcondary antibody alone served as a negative control to

rule out norspecific antibody binding

€l =

Antigen Clone Working dilution
Rabbit antilaminin | Polyclonal 1°Ab 1:50
antibody 2°Ab 1:100
Rabbit anti Polyclonal 1°Ab 1:400
fibronectin antibody 2°Ab 1:100

Table 5.3. Table of antibodies and working dilutions used throughout the studyL.°’Ab =
primary antibody; 2°Ab = secondary antibody

5.3.4 Biomechanical evaluation of native and acellular porcine

peripheral nerves

wer e

The biomechanical properties of native and acellular porcine sciatic branches

(peroneal and tibial nerves) were evaluated using uniaxial tensile testitnge Na

porcine peroneal nerves (n = 5) and tibial nerves (n = 10) and acellular peroneal

nerves (n = 3) and tibial nerves (n = 4) were tested under uniaxial tensile loading

to failure in order to characterised their streain behaviour. All peroneal n&y
tested ranged from 57 mm in width and tibial nerves ranged  mm in width.
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All specimens were 10 mm in length (initial gauge length). Tissue specimens were
taken from three different animals within each test group. The methodology
followed duringuniaxial tensile testing was described in Section62.Phe mean

stressstrain curves for each group were generated using the Origin 8.0 software

package.

5.3.5 In vitro biocompatibility

In order to determine the biocompatibility of the decellularisssiugsin vitro,
decellularised peripheral nerves were assessed using a qualitative contact
cytotoxicity assay. For the assay, two types of cells were used: human dermal
fibroblasts and primary rat Schwann cells. Human dermal fibroblasts cells were
isolatedfrom donor skin of abdominoplasty or breast reduction donated from
patients of the Royal Hallamshire Hospital, Sheffidgtdimary Schwann cells were
isolated and culturenh vitro from freshly dissociated adult rat nerigdlowing a
protocol developed bfKaewkhaw, Scutt et al. 20L2I'hese cells resurrected from
frozen, cultured and passeg as described in Section 2.28Buman dermal
fibroblasts at passage eight and primary rat Schwann cells at passage five were
used for contact cytoxacity assay.

5.3.5.1 Contact cytotoxicity assay

Three acellular nerve tissue sae®l(approximately 5 mfpwere attached to the

center of sixwell tissue culture plates using 4tail collagen(neutralised using

sterile 0.1 M sodium hydroxide) and left for 15 minutes at room temperature to

allow the gel setA drop of cyanoacrylate ctact adhesive was placed in the centre

of control wells (n = 3). This was used as a positive control, as it has been
demonstrated to produce a cytotoxic respol
the centre of the well s atartke NaOH(t=B)al i sed w
This served as a negative control astadtcollagen gel is biocompatible. All the

wells containing samples, positive and negative controls were washed three times

using sterile PBS, each for ten minutes. Human defimalblasts ad primary

Schwann cells were seeded into each well at a density of &9 per well and

incubated at 37C in 5 % CQ(v/v) for 48 hours. Following incubation, the culture

medium was discarded and the wells were gently washed with PBS containing

calcium and magnesium and fixed with 3.7 % (v/v) formaldehyde for ten minutes.
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Each well was stained with Giemsa solution (2 mL per well) for five minutes. Each
well was gently rinsed with tap water until running clear and left to air dry. The
plates were examed under Kholer illumination and any changes in cell

morphology and density were recorded.
5.4 Results

5.4.1 Histological evaluation of acellular porcine peripheral nerves

Samples of native and acellular nerves were stained using general and specific
histological stains to evaluate the gross effects of the decellularisation process on

the histioarchitecture of porcine sciatic branches and sural nerves. Nerve sections

were stainedwih Picro Sirius red (Figures 5.2 an
5.4 and 5.5 and Alcian blue PAS (Figures 5.6 and)51i terms of ECM staining

there was no apparent difference between native and acellular sural nerve and

sciatic branches.

Picro Sirius reds a strong anionic dye which stains collagen by reacting
via its sulphuric acid groups, with basic groups present irctil@gen molecule.

The elongated dye molecules are attached to the collagen fibre in such a way that
their long axes are parallel. This parallel relationship between dye and collagen
results in an erdnced birefringency. It has been hypothesised that staining with
Sirius Red, when combined with enhancement of birefringency, may be considered
specific for collagenJunqueira, Bignolas et al. 1979The Picrostainsthicker
collagen fibres redrange and thimer newly formed fibregppeargreen, when
viewed under polarized illumination.

Following staining using Picro Sirius red (Figure and 53) it was
observed that acellular nerves retained a large portion of the collagen fibres within
the endoneuriunperineuiurm and epineuriumhgn compared to nativentrols
There was no evidence of elastic fibres (blue/black stained fibres) in the native or
acellul ar nerves when stainddndBsi ng Mill et

Following staining using Kian blue GAGs were found to be located
predominatly within the endoneurium and perinen (stained purple; Figures 5.6
and 5.7. Following decellularistaion the distribution of GAGs remained the same
as native nerves samples, however the stainingityegas lower when compad

to native nerve (Figures 5.6 and 6.7
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Figure 5.2 Transverse sections of acellular porcine sural nerve stained with Picro Sirius red.

(A-C) Native sural nerve; (Ip) acellular sural nervéicellular nervesetained a large portion of

the collagen fibres within the endoneurium, perineuiurm and epineurium when compared to native

tissue. Thicker collagen fibres stained -azdnge are seen predominatly within the epineurium.

Thinner fibresstainedgreen are locat within the endoneurium and are more prominent in the

acellular nervesSections imaged undero |l ari zed il 1l uminati on. Scal e bar
100 em respectivel y.

Figure 5.3 Transverse sections of acellular porcine sciatic branches stained with Picro Sirius

red. (A-C) Native nerve; (EF) acellular sural nervéAcellular rerves retained a large portion of

the collagen fibres within the endoneurium, perineuiurm and epineurium when compared to native

tissue. Thicker collagen fibres stained-mrdnge are predominatly within the epineurium. Thinner

fibres stainedgreen are loated within the endoneurium and are more prominent in the acellular
nervesSections imaged under polarize i | | umi nati on. Endo = endoneurium
200em and 100 em respectively.

145



146

Figure54Secti ons of decellul arised porcineCsural nerv
Native sural nerve; () acellular sural nerve. Noaadtin (blue/black stain) was detected within the
connective tissues of the native or acellular ner
respectively

Figure55Secti ons of decell ul arised por celastim(Asci ati c br :
C) Native nerve; (BF) acellular nerve. No elastin (blue/black stain) was detected within the

connective tissues dhe native or acellular nerveS.c al e bars at 500 &m, 200em
respectively



Figure 5.6 Transversesections of decellularised porcine sural nerves stained with Alcian blue

PAS. (A-C) Native sural nerve; ) acel |l ul ar sur al nerve. Gl ycosam
predominantly within the endoneurium and perineurium in the native and acellular neveeeho

when compared to native controls this staining was less intense in the acellular nerve. Scale bars at

500 em, 200em and 100 em respectively.

Figure 5.7 Transverse sections of decellularised porcine sciatic branches stained with Alcian

blue PAS. (A-C) Native nerve; (BF) ac el | ul ar nerve. Gl ycosaminogl yc
predominantly within the endoneurium and perineurium in the native and acellular nerve, however

when compared to native controls this staining was less intense in lldaacerve. Scale bars at

500 em, 200em and 100 em respectively.
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Sections of native and acellular porcine sciatic branches were stained using a
reticulin stain to highlight reticular or collagen type Il fibres, which were observed
as black structuresr fibres. Following staining collagen type 11l was found to be
predominantly localised within the nerve fascicles (perineoyand endoneurium
(Figure 5.8. There was a similar distribution of collagen type Ill observed in

sections of acellular porcirgciatic branches, however when compared to native

controls this staining vweless intense (Figure 3.8

Figure 5.8 Longitudinal and transverse sections of acellular porcine sciatic branches stained

for collagen Il fibres. Intense blaclstain show collagen Il localised around the perineurium

and within the endoneurium in the native nerve as indicated by the arreB} @Aless intense

black stain is shown in the acellular sciatic brancheB (IC. Scale bar at 500 ¢

m.



5.4.2 Biohiemical analysis ofnative and decellularised porcine sciatic
branches

Samples ofative and acellular porcine sciatic branckese lyophilized to a
constant weight prior to quantification of collagen and sulphated sugars as
described in Section 5.3.3.

5.4.2.1 Sulphated sugar assay

The amount of sulphated GAGs extracted from native and decellularised porcine
sciatic branches was quantified using a sulphated sugar assay. The assay produced
a liner relationship between absorbance & @2 and GAG contenE{gure 5.9.

The results shown in Figurel®.showed a significant 33 % reduction in sulphated

GAGs after decellularisation.

0.4 -

0.35 -

0.25 y = 0.0036x 0.0013

0.2 R2=0.9882

0.15

0.1

Absorbance 520nm

60 80 100 120

Standard concentrations (ug.mft)

Figure 5.9 Standard curve for glycosaminoglycan (GAG) assay
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Figure 5.10 Sulphated proteoglycan content of native and acellular porcine sciatic branches
determined by glycosaminoglycan (GAG) quantification assay at 525 nnThere is a significant
reduction in GAG content after the decellularisation process. Native nerves haveayedvAG
content of 16.15 1.30 pug/mg (n=6); acellular nerves have an average GAG content of 10.81
1.02pg/mg (n=6)Dat a was anal ystaabtanddsipmespnteal asthe me@b Aot 6 s

C.I (p<0.0052**)
5.4.2.2Hydroxyproline assay

The collagn content of native and decellularised porcine sciatic branches was
guantified using a hydroxyproline assay; these values were multiplied by 7.69 to
calculate total collagen content. The hydroxyproline assay produced a liner
relationship between absorbanat 570 nm and hydroxyproline content (Figure
5.11). Nativeporcinenerves were found to contalr212 + 194.81g/mg collagen

and decellularised 1124 100.70 pg/mg (Figure 5.)2This represented 6.7 %
decrease in collagen after decellularisation. Téas not found to be statistically

significant.
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Figure 5.11 Standard curve for hydroxyproline assa
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Figure 5.12Collagen content of native and acellular porcine sciatic branches determined by
a hydroxyproline assy at 570 nm. There was a slight reduction in collagen after the
decellularisation process. Native nerves have an average collagen content 188080 pg/mg
(n=6); acellular nerves have an average collagen content of+11@@.70 ug/mg (n=6)Data wa
anal ysed u stitast@ndas presenied asrthe thesb % C.I
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5.4.3 Immunofluorescent evaluation ohative and decellularised
porcine scidic branches
Antibody labelling was used to localise specific proteins in porcine sciatic

branchesBy comparing the images of the native and acellular samples, it was

possible to determine if there was any change in specific extracellular matrix
components. A FITC conjugated secondary antibody was used to visualise primary
antibodies used to label lanm and fibronectinSamples were imaged using an

upright Zeiss LSM510 META contal microscope (xenon arc lamp to excite FITC

atex=2 495 eFrm5A5anm). Nuclei e«sweBO8Ommsbabi sed
550nm).

5.4.3.1 Immunolabelling for laminin

The images of porcine sciatic branches labelled with antibody specific to laminin
are shown in Figure 531 Immunofluorescent labelling of native porcine sciatic
nervebranches demonstrated laminin to be located around areas known to contain
the basal lamina. These include the circumference around each Schwann
cell/neuron unit (myelinad or ensheatheaithin the endoneurium, the lamellar
perineurial sheaths and the outer walls of blood vesBeésstaining pattern was

similar in samples of acellular stic nerve branches (Figure 5.13)
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Figure 5.13 Representative histological images from the central region of native and acellular
porcine peripheral nerves labelled using a monoclonal antibody against laminintibodies

to laminin delineate a discrete ring around each Schwann cell/neuron unit irdtreerium(B
and D) the lamellar structure of the perineurif-D) and around blood vesselé and B)
Unstained round areas are spaces occupied by axon/myeliasimidicated by the arrowa and

D). Images (G D) show retention of laminin within €hendoneurium and around the perineurium
of the fascicle following decellularisatiofhe ringlike appearance of the open tubes in the native
nerve (AB) as well as thacellular nerves (D) suggestpreservation of the basal laminmage

E is a negatie control for the antibodies raised against lamiRor the negative control the sample
was stained with only the FITC conjugated secondary antitfhchle bar at 20 prfor images B
and Dand 100 unfor images A, C and E.

5.4.32 Immunolabelling for fibronectin
The images of porcine sciatic branches labelled with antibody specific to

fibronectin are shown in Figure 3.1Immunofluorescent labelling of native
porcine sciatic nerve branches indichtgresence of fibronectin within the
endoneuriunand efmeurium. The lamellar perineurial sheaths and the outer walls
of blood vesselalso indicated a strong presence of fibronedtire staining pattern

was similar in samples of acellular sciatic nerve branches (Figute 5.1















































































































































































































































































































































































































