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ABSTRACT

Peripheral nerve injuries commonly result in a surgically irreducible gap and represent a
serious problem in surgery. Clinically, autologous nerve grafts are the most effective
means of promoting axonal regeneration across the space, but normally produce donor
site morbidity. Other variations of experimental models have been used with the aim of
directing rapid nerve regeneration, including entubation, artery and vein grafts and
Millipore. However, each of these have significant limitations which affect complete
regrowth. Fibronectin (Fn), a large extracellular matrix cell adhesion glycoprotein has
been made into three-dimensional mats with a predominant fibre direction and shown
to successfully enhance peripheral nerve regeneration in a rat model. The aim of this
study was to identify the main features of Fn-implants which are important for rapid
nerve repair. This involved testing implanted versions of Fn-mat from rat and monkey
models, assessment of cell-matrix interaction in vitro and modification of Fn-materials
by chemical and growth factor addition. The results from this study show that new
materials can be made from fibronectin which have a potential use in repair of long
peripheral nerve lesions. These fibronectin-based materials may be stabilised with
micromolar concentrations of copper and zinc which also support strong growth of
Schwann cells within these materials in culture. Fibronectin mats may also be soaked
with neurotrophins to enhance nerve cell survival and enhance nerve regeneration. The
speed of Schwann cell migration and alignment (upto 50 um away from the original
fibre) was increased. Migration speed' was further enhanced when the fibres were
treated with micromolar concentrations of copper or made, with a substantial content
of fibrinogen (optimum 50:50). Taken together, all these results suggest a first design
for an ideal conduit material for peripheral nerve repair. This would be (a) dimensions
(fibrous), (b) fibre orientation (c) 50:50 fibronectin: fibrinogen, (d) treated with
micromolar concentrations of copper, (€) seeded with Schwann cells in culture, and (f)
soaked with a ‘cocktail’ of neurotrophic growth factors including nerve growth factor
and neurotrophin-3.
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CHAPTER 1.0. INTRODUCTION

1.1. General Introduction

Nerve injury and repair presents a complex problem in repair biology. Trauma to the
peripheral nerve may result in various levels of nerve fibre injury. The fate of the axon
is critical for recovery after injury and usually determines the extent to which recovery
of the severed nerve will occur. Functional recovery is usually complete, if axonal
continuity following injury is preserved but the time taken for regeneration depends

upon the pathophysiology of the lesion.

Following transection injuries to the peripheral nerve, a cascade of events occur.
Phagocytic cells migrate to the site of injury and remove degenerating axons and
myelin debris within the distal stump, termed Wallerian degeneration. Regenerating
axonal sprouts extend from the proximal stump and migrate toward the distal stump
while Schwann cells ensheathe and remyelinate the growing axons. Many axons
elongate, reach their target and successfully ‘reinnervate their original targets to form
functional contacts. However, such reinnervates do not constitute a fully functional

normal nerve.

For proper functional recovery all the different aspects of the peripheral nerve such as
the axons, nonneuronal cells and the extracellular matrix (ECM) components must
contribute fully to their normal functions. The parent cell body must firstly, survive
axonal transection. Secondly, regenerating axons must grow across the site of

transection and enter the distal stump as quickly as possible to minimise target site
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morbidity and thirdly, regenerating axons seek out and connect to their respective end-

organ targets.

1.2. Peripheral nerve injuries

Peripheral nerve injuries can be divided into several broad categories or classes, for
example, neurapraxia, axonotmesis and neurotmesis (Lundborg et al, 1987,
Sunderland, 1978, Seddon, 1972, Thomas, 1988) (Table 1). Trauma to the peripheral
nerve may result in various extents of nerve fibre injury. The fate of the axon is critical
for recovery after injury, as long as axonal continuity is preserved. When an axon is
cut the distal part of the neuron induces changes in axoplasmic volume. The cell body
is the major site of synthesis of proteins and other materials required for growth of the
axon. The delivery of materials from the cell body to the axon by axonal transport is

therefore an important factor in the regulation of axonal outgrowth.

Classjﬁcation ; Characteristics

Neurapraxia Focal conduction block either transient due to ischemia or
compression, etc, or more delayed but reversible, e.g.
focal demyelination

Axonotmesis Interruption of axonal continuity but preservation of
Schwann cell basal lamina tubes
Interruption of axonal and Schwann cell basal lamina

Neurotmesis tubes

Table 1. Classification of peripheral nerve injuries. (Taken from Madison et al,
1989).
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1.3. Anatomy of the peripheral nerve

Peripheral nerves are a complex structure composed of several tissue elements. The
functional elements, the axons, are long cellular extensions from their respective nerve
cell bodies in the anterior horn of the spinal cord (motor neurons) or in the dorsal root
ganglion (sensory neurons). In the peripheral nerve, the nerve fibres are located in
fascicles (Figure 1.1). The peripheral nerve trunk and its fascicle are held together by
connective tissue layers, the epineurium, perineurium and the endoneurium. The
epineurium is a loose connective tissue layer located superficially in the nerve and
between the fascicles. Each fascicle is surrounded by a multilayered, condensed,
mechanically strong membrane called the perineurium. The connective tissue in the
intrafascicular space is called the endoneurium. This structural arrangement refers to
the general anatomic principles of the peripheral nerves and the relative amounts of

epineurial and endoneurial tissue may vary among and within nerves.

1.3.1. Connective tissue

The three main connective tissue sheaths of the peripheral nerve are the perineurium,
epineurium and the endoneurium which vary in their function and makeup (Figure
1.2). The epineurium consists of areolar connective tissue (Sunderland 1965;
Stolinski, 1995) that separates the fasciculi and holds them loosely together. This
tissue becomes condensed on the surface of the nerve trunk to form a defined sheath
surrounding the enclosed fasciculi. The collagen fibrils of the tissue are mostly
arranged longitudinally, although some are arranged in a random criss-cross fashion
(Thomas, 1963; Gamble and Eames, 1965; Osawa and Ide, 1986; Ushiki and Ide,

1990). Fibrils are typically 60-100nm in diameter and are generally thicker than those
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fibrils around nerve fibres (Ushiki and Ide, 1990); the tubes contain Schwann cells and
the axon (Thomas, 1963). The non-cellular components of these sheaths are mainly
collagen fibrils, which presumably serve as scaffolds for nerve fibres (Ushiki and Ide,
1990). Fine intrafascicular septa partly divide the nerve fibres into smaller groupings.

Spaces also exist in the endoneurium which are filled with extracellular fluid.

1.3.2. Fasciculi

Peripheral nerve trunks are composed of one or more fasciculi. The fasciculus is a
bundle of nerve fibres surrounded by a thin but strong cellular layer, the perineurium
(Sunderland, 1978). The pattern of fascicular formation in cross-section of nerves is
often not constant down its entire length with the fasciculi branching, reforming and
branching repeatedly. The diameter of human peripheral nerve fasciculi ranges from
0.04 mm to 2.0 mm with occasional fasciculus of 4.0 mm in diameter (Madison et al.,

1989). Many fascicular patterns exist, including mono-, oligo- and polyfascicular.

1.3.3. Blood Vessels

Peripheral nerves are abundantly supplied by a vast system of vasculature throughout
its entire length (Bell and Weddell, 1984a and 1984b; Lundborg, 1979 and 1975).
‘Arteria nervorum’ blood vessels enter and terminate within the nerve trunk and are
derived from the main vessels of the limb or its branches and exclusively supply the
nerve. Other vessels originate from muscular and cutaneous branches that
predominantly supply the extraneural tissues. Macroscopic arterioles which have a
longitudinal arrangement are usually visible on the surface of large peripheral nerves

(Figure 1.3). The intraneural pattern of the venous network generally corresponds to
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surrounds each cell-axon unit (Bunge et al, 1982). Schwann cells migrate extensively
during the development and regeneration of peripheral nerves. To populate the PNS
during development, Schwann cells first migrate along the axons at the outer surface
of the developing nerve and then migrate perpendicular to the nerve axis into the axon
bundles. Migrating Schwann cells may also play a role in axon growth and guidance

during development (Keynes 1987; Noakes and Bennet, 1987).

When peripheral nerveé are damaged Schwann cells have been shown to migrate
together with macrophages, which reside in the nerve or are recruited as blood-borne
monocytes from the surrounding damaged tissue into the affected site (Perry et al,,
1987; Griffin et al., 1993) and are responsible to carry out Wallerian degeneration.
Myelin sheaths are degraded into various forms of myelin balls within Schwann cells
and subsequently phagocytosed by macrophages (Williams and Hall, 1971; Stoll et al.,
1989). Schwann cells proliferate at the early phase of Wallerian degeneration, and later
cease while extending slender cytoplasmic processes, which form cellular strands
called the Schwann cells column (reviewed by Ide, 1996). Schwann cell columns serve
as effective pathways for the growth of axons. Schwann cells in a damaged nerve serve
a dual role in that they serve as scaffolds for regenerating axons by expressing
adhesion molecules on the surface plasma membrane and produce various trophic

factors for regenerating axons (Bunge, 1993).

Macrophages were originally thought to enter the site of tissue damage and
phagocytose debris and clear the path of regenerating axons. There was also

suggestion of the involvement of Schwann cells in Wallerian degeneration either alone
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the sciatic nerve (Lindholm et al.,, 1987; Brown et al., 1991; Venezie et al., 1995).
However, a recent study has shown that Schwann cells are able to degrade myelin and

proliferate in the absence of macrophages in vitro (Fernandez-Valle et al., 1995).

1.4. Axon guidance

Axons actively navigate to their targets by reading chemical cues in their environment.
This leads to the emergence of growth cones which continually extend and retract
broad membranous sheets called lamellipodia, and slender, spikelike protrusions
termed filopodia, for distances of tens of micrometers, as if sampling the substrate in
every direction. Filopodia appear to be able to adhere to the substrate and pull the
growth cone in their direction. The mechanism of this interaction is shown in Figure
1.5. Actin filaments are propelled rearward by interactions with molecules of myosin
anchored to the membrane. Actin monomers are added to filaments at the leading
edge, and filament depolymerization occurs in the central region of the growth cone.
Extension of the leading edge may be powered by the polymerisation of actin, or by
the movement of myosin molecules in the region of the leading edge along actin
filaments whose rearward movement has temporarily been halted by the inactivity of
more centrally located myosin molecules (Smith, 1988; Sheetz et al., 1992). Using
immunocytochemistry it has been shown that actin filaments align with filopodia in the
periphery of the growth cone, randomly orientated filaments are often concentrated
near the central domain. However, microtubules are concentrated in the axon; some

also extend to the growth cone margins.
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chick dorsal root ganglia neurons (Chang et al, 1995). However, Cyclosporin A and
FK506, which are potent inhibitors of calcineurin, delayed neuritogenesis and inhibited
neurite extension (Chang et al, 1995). Chromophore-assisted laser (micro-CALI)
inactivation of calcineurin in regions of growth cones causes localised filopodial and
lamellipodial retraction and influences the direction of subsequent outgrowth (Chang
et al, 1995). This study suggests that a spatial distribution of calcineurin activity within

the growth plate regulate growth cone motility and directed outgrowth.

Schwann cells play a role in axon growth during development. This has been
elucidated by Bixby and co-workers, who have used antibodies against Ca®*
independent CAM, L1/Ng CAM, Ca®* dependent CAM and N-cadherin. It was
observed that growth cones use integrin class extracellular matrix receptors and at
least two CAMs-N-cadherin and LI/NgCAM- for growth on Schwann cells in vitro
(Bixby et al, 1988). The mechanism of this interaction with the growth cone is show in

Figure 1.6.

1.5. Primary and secondary repair of peripheral nerves

Following a nerve transection injury an immediate primary repair of a sharply cut nerve
is desirable. In this early phase it is possible to achieve an exact orientation of the cut
nerve end because of well-preserved landmarks such as the fascicular pattern in the
transected surfaces and the longitudinal epineurial vessels. The ends are usually
coapted without tension. The epineurial suture technique (Figure 1.7.) represents a
simple procedure for nerve repair however, this does not achieve the correct matching

of internal fascicular structures (reviewed by Lundborg et al., 1989). The ‘group
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Figure 1.6. Model of surface interactions mediating neuronal process outgrowth on
Schwann cells. The model illustrates a neuronal growth cone interacting with a
Schwann cell. The model shows LI/NgCAM (Ll) and N-cadherin (N-Cad) in the
Schwann cell membrane interacting by homophilic binding with the same molecules
in the growth cone membrane. Similarly, ECM proteins secreted by Schwann cell
including laminin (LN) are shown interacting with ECM receptors of the integrin
Sfamily (Int) in the growth cone membrane. These binding events cause intracellular
changes in the growth cone through cytoskeletal events to release second messengers
(eg. intracellular free Ca2+). This in turn is postulated to lead to axonal elongation.

(Taken from Bixby et al, 1995).

fascicular’ repair technique (Figure 1.8.) is a better technique to obtain optimal
orientation and adaptation of groups of fascicles (reviewed by Lundborg et al., 1989).
With this technique, epinurial tissue is resected over a short distance, fascicular groups
are dissected and corresponding fascicular structures in both nerve ends are sutured
individually. This technique carries a greater risk however, of microhemorrhage,

edema and scarring.
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Many attempts by investigators have been made to decipher which is the better
technique but no consistent advantage of one technique over the other has been
demonstrated (Lundborg et al., 1989). However, reports suggest that there is
improved specificity of muscle reinnervation after fascicular suture in the rat sciatic
nerve (Lundborg et al., 1989). These techniques are restricted to primary repair i.e.
where the gaps are very short. Commonly though, nerve injuries produce a surgically

irreducible gap which must be repaired with the use of a suitable conduit material.

1.6. Entubation repair of peripheral nerves

Entubation repair has been used extensively to enhance or study the mechanisms of
peripheral nerve repair. The effects of gap length, distal stump components and initial
ingrowth have been studied previously by Lundborg et al, 1982 and Longo et al, 1983
by bridging transected rat sciatic nerves with silicone tubes. There are several
characteristics of a successful nerve guide conduit. These include control over the rate
of resorption and change in mechanical properties with time in vivo, the permeability
properties of the conduit membrane, the surgical techniques used to stabilise the nerve
stumps within the conduit and flexibility in terms of manufacturing various sizes of

conduits.

Many biodegradable and non-biodegradable materials have been used to regenerate
peripheral nerves. These include polylactate/polyglycolate copolymers (Reid et al.,
1978; Dellon and Mackinnon, 1988); acrylic copolymers (Uzman and Villegas, 1983;
Hurtado et al., 1987); polyvinylidene fluoride (PVDF) (Aebischer et al., 1987

Acbischer and Guenard et al., 1988); polyglactin mesh (Molander et al., 1982)
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Millipore filter material (Noback et al., 1958); silicone (Longo et al., 1983; Lundborg
et al., 1982a; Lundborg et al., 1982b); Gore tex (Young, 1984); arterial cuffs (Zachery
and Holmes, 1946; Weiss and Davis, 1943; Weiss and Taylor, 1946); preformed
mesothelial tubes (Lundborg et al., 1981); collagen (Braun, 1964; Kline and Hayes,
1964; Archibald et al., 1988; Archibald et al., 1989; Archibald and Madison, 1991;
MacKinnon et al., 1984); polylactates (Madison et al., 1985; Madison et al., 1984) and

various other synthetic polyesters (Nyilas et al., 1983; Henry et al., 1985).

1.7. Fibronectin

Fibronectin (Fn) has been used extensively in this thesis due to its cell adhesion
property and the fact that it promotes neurite outgrowth. Fn-mats were shown to
enhance peripheral nerve regeneration in a rat model by providing a surface guidance
structure for Schwann cell infiltration and axonal outgrowth (Whitworth et al., 1995a,
1995b, 1996). After peripheral nerve injury, the normal nerve undergoes degeneration
leaving Schwann cell basal lamina which acts as a surface for migration of regenerating
components of nerves. Fn-mats as a conduit provides a network of fibrils which allows
outgrowth of regenerating components similar to that provided by the basal lamina in a
normal nerve or a nerve graft. For this reason Fn-mats were used as support materials
with a potential to grow cultured Schwann cells within mats such that these may then

be implanted into the injured gap.

Fn is a glycoprotein which was initially isolated, independently, by a number of
different researchers (Morrison and Edsall, 1948). At first called cold-insoluble

globulin because coprecipitation with fibrinogen was a characteristic of the protein,
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plasma Fn did not appear to have any discernible function, nor did it attract much
attention. With the identification of its in vivo properties Fn became known as a large,
external, transformation sensitive protein (LETS), cell surface protein (CSP) or cell
adhesion factor (CAF) referring to its cell adhesion properties (Yamada and Olden,
1978) of the cellular form of Fn. Fn is a large 500 kD glycoprotein found on the
surface of several cell types such as fibroblasts, large quantities in plasma (~0.3 g/L)
and in the extracellular matrix. It is a dimer composed of two nearly identical
polypeptide chains which contains distinct and specific binding sites for cell surface
receptors, extracellular matrix materials such as collagen, glycosaminoglycans and Fn
itself (Figure 1.9.). Fibronectin has several functions including adhesive and ligand
binding characteristics. Fibronectin can also affect cell morphology, influence
intracellular mechanisms, promote phagocytic activities and stimulate cell movement

(Yamada, 1983).

During wound repair fibroblasts synthesise Fn (Carsons, 1989; Mosher, 1989) and use
the endogenously produced Fn to facilitate reactive processes, such as migration (Ali
and Hynes, 1987) and phagocytosis (Carsons, 1989). Fibronectin can act as a
chemotactic factqr for peripheral blood monocytes and as a non-specific opsonin of
debris during the inflammatory phase of wound repair. During granulation tissue
formation, Fn provides a substrate for cell movement. The fibroblasts that migrate into
the wound region rapidly secrete an extensive Fn-matrix and shortly thereafter large
amounts of type III collagen are deposited onto this matrix, acting as a provisional

scaffold (Grinnell, 1984; Clark et al., 1982).
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reorganisation into fibrils (McDonald, 1988; Mosher et al., 1991; Mosher et al., 1992;
Mosher, 1993; Akiyama et al., 1991; Chernousov et al., 1991; Nagai et al., 1991;
Schwarzbauer, 1991; Morla and Ruoslahti, 1992; Hynes 1990). The first step involves
the capture of fibronectin dimers from the surrounding environment and is likely to
involve the a5B1 integrin and the molecules which bind to the amino-terminal 70 kDa
region. The second step is the translocation of these captured dimers to the growing
end of the Fn fibre. The third step is thought to involve the regions of Fn self-
association which cause Fn-Fn alignment and finally, the fourth step involves covalent

stabilisation of the aligned Fn fibril molecules by disulfide cross-links.

There are two distinct groups of fibronectin molecules in the human body- plasma and
tissue or cellular fibronectin. Circulating plasma fibronectin is synthesised and secreted
by liver cells (hepatocytes) (Owens and Cimino, 1982). The steady-state plasma
concentration is about 0.3 g/L. Cellular fibronectin is produced by fibroblasts and
remains localised on the cell surface. Plasma fibronectin contains two nearly identical
polypeptide chains (Mr=220,000-250,000), which are held together near the carboxyl

terminus by two disulfide bonds.

1.7.1. Plasma Fibronectin

Fibronectin has increasing solubility with temperature and thus at body temperature
the molecule is soluble in the plasma (Yamada and Olden, 1978). Plasma fibronectin is
produced by vascular endothelial and liver cells, allowing secretion of the molecule
into the blood. Many cell types, including macrophages are thought to have a pool of

plasma Fn which is produced by hepatocytes of the liver (Saba, 1989). Hepatocytes in
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culture produce Fn which co-migrates with human plasma Fn on electrophoresis

(Mosher, 1984).

1.8. Fibrinogen

The source material used to make Fn-cables and LFn-cables normally contains 25%
fibrinogen (Fg) and 75% Fn. However, as a result of a mistake during production the
composition altered to 25% Fn and 75% Fg. Cells were unable to adhere to cables
made from this composition of Fn/Fg on many attempts. It was proposed that high
concentrations of Fg were detrimental to cell adhesion and therefore tested by
reducing the concentration of Fg within cables. An additional hypothesis drawn from
this result was that cell migration on cables may be increased by increasing the

concentration of Fg within cables.

Fibrinogen (Fg) is a glycoprotein which is synthesised in the microsomes of liver
parenchymal cells (Barnhart and Anderson, 1962) and in the platelets (Rosiek et al.,
1969). Liver fibrinogen is stored in the soluble fraction of the parenchymal cells until
released into the blood. Release of Fg occurs as a response to many conditions such as
physiological (age, pregnancy) and pathological (infection, inflammation) in addition
to normal homeostatic requirements. Fg is also classified as an acute phase reactant
since its plasma level may rise in response to various pathologies (reviewed by Marsh,
1981). Besides these functions Fg takes part in the inflammatory response, in defence

against infection and in wound healing (reviewed by Marsh, 1981).
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The molecule appears as a trinodular rod, 7 x 48 nm and contains three pairs of non-
identical chains Aa (67 kDa), BB (56 kDa) and y (47 kDa). Assembly of Fg occurs
through complex interchain disulphide bonding involving the N-terminal regions of the
three polypeptides; together, these form the central modular E domain. The globular
ends of the D domain, containing the C-termini of Bf3 and y chains. D and E domains
are connected by the coiled-coil regions of the three chains while the Ao C-terminus
appears as a flexible appendix of the oblong molecule. One N-linked carbohydrate

chain exists on each of the BB and y chains (Townsend et al., 1982).

Fibrin together with plasma Fn form the main components of thrombus (Furie and
Furie, 1988; Clark et al., 1982; Gailit and Clark, 1994). Clot formation occurs when
soluble Fg is converted by thrombin to fibrin, the structural protein that spontaneously
assembles into fibrin polymer. After this assembly, the transglutaminase, coagulation
factor XIII (also to Fn N-terminal domain), stabilises the structure by cross-linking
covalently the o and y chains. Fg has been shown to induce adhesion, cell spreading

and microfilament organisation in endothelial cells in vitro (Dejane et al., 1987).

1.9. Fibronectin Mats and Peripheral Nerve Regeneration

In our laboratory we have been able to make orientated mats of fibronectin developed
by Ejim et al, 1993. The crude starting material obtained from BPL (BPL Bio
Products Ltd, Elstree, Middlesex, England), is initially purified by gelatine Sepharose

affinity chromatography. The solution of purified fibronectin is then introduced into an
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ultrafiltration cell where a unidirectional shear force is applied. During the final stages
of concentration, a mat of fibronectin forms around the shaft, which is rinsed in a large
volume of distilled water and freeze dried (Figure 1.11.a and b). The overall
unidirectional orientation of the fibres is apparent from Figure (1.11.b). Orientation
can also be seen clearly with scanning electron micrographs of mats (Figure 1.11.c).
Scanning electron micrographs also show 'pockets' (indicated by the arrow in Figure

1.11.c) where cells can enter, invade and remodel the mat.

Fn-mats have been used in a number of experimental models to assess its uses as a
potential implantable material in peripheral nerves. The experimental model used for
these studies has been the sciatic nerve of male Wister rats in which a 1cm gap is
created by incision (Figure 1.12.). Fn-mats were formed into a conduit by suturing
each end of the nerve onto the flat Fn sheet which was then rolled over and sutured to
the epineurium to form a cylindrical conduit. The fibronectin is hydroscopic and
expands rapidly so that by the end of the procedure the cylinders had expanded to

form a solid conduit without a hollow centre (Porter et al., submitted).

Whitworth et al have been able to show that Fn-mats are capable of supporting the
regeneration of peripheral nerves (Whitworth et al, 1995a). They found that by day 15,
regenerating axons had extended to the distal end forming a thin bridge which had a
volume of regenerated axons and Schwann cells that were comparable to nerve grafts.
In a further study Whitworth et al showed that Fn-mats impregnated with NGF
released NGF slowly over a period of 7 days in a bioactive form (Whitworth et al,

1996). The delivery of NGF to the site of injury in rats produced an increase in the
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volume of axonal and Schwann cell regeneration when compared to conduits of plain
Fn (Whitworth et, 1996). Further, NGF impregnated mats used for targeted delivery
of nerve growth factor in both control and diabetic rats, increased the distance and
amount of regenerating immunoreactivity to CGRP and GAP-43 in both control and

diabetic rats (Whitworth et al, 1995b).

Fn-mat sutured
in place

Figure 1.12. Diagram to show the experimental model of peripheral nerve
regeneration in rats with Fn-mat conduits. The Fn-mat is joined to the proximal and
distal stumps by the epineurial sutures. P= proximal and D= distal stumps of sciatic

nerve

Fn-mats impregnated with NT-3 has also been shown to improve sciatic nerve
regeneration in a similar way to that of NGF (Sterne et al.,, 1997a) but much higher
concentrations of NT-3 must be used compared to NGF. NT-3 impregnated Fn-mats
were further shown to improve selective recovery of muscle fibre expressing myosin

heavy chains 2b with an overall beneficial effect on motor target organs (Sterne et al.,
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1997b). Studies using Fn-mats to show the inter-relationship of angiogenesis and
nerve regeneration showed that graft vascularisation initially proceeded from the
adjacent muscle bed and that a neovascularisation front preceded axonal regeneration
(Hobson et al., 1996). Further, Schwann cells and axons extended together but never
exceeded the area of vascularisation and appeared most numerous in well vascularised
areas. The vessels within the mat were longitudinally orientated in the original axis of

the fibrils within Fn-mats (Hobson et al., 1996).

Porter et al., submitted, studying ultrastructural features of Fn-mats grafted in a 1cm
lesion of the rat sciatic nerve showed that invading axons and Schwann cells were
orientated along the fibres of the Fn-mat. Light microscopy revealed a cone of axon
sprouts emerging from the proximal stump which had entered into the mat by day 4.
By day 15 a thin regenerate had formed bridging the lesion. Electron microscopy
showed the mat was able to orientate collagen within the nerve and fibroblasts were
also orientated in the epineurium. However, the interaction of macrophages with Fn-

mats caused the complete degradation of the mats by day 15 (Figure 1.13.).

1.10. Fibronectin strands

Strands of Fn can be made by drawing out single fibres from a small pool of purified
Fn solution (1mg/mL in PBS), (as described by Ejim et al, 1993). This method can be
used to draw a strand of aggregated protein which can extend for several millimetres
from the surface of the liquid. The microscopic strands of the same protein as Fn-mats
were used as a model for the matting process. Fn-mats are composed of many of these

fibres and thus isolation of a single strand of Fn provides a simpler two dimensional

Z. Ahmed. PhD Thesis 1998. 45



n %

n %

%

%

"%

) (

))0

)

1l@@0$%$

%

)



P388D1 cells and neurones cultured from rat dorsal root ganglia (Wojciak-Stothard et
al, 1997). The fibres significantly promoted cell spreading and caused a marked
alignment of actin filaments in fibroblasts and focal contacts in fibroblasts and
macrophages while increasing polymerisation of F-actin in cells (Wojciak-Stothard et
al, 1997). Fn fibres also increased the speed and persistence of cell movement and the

rate of neurite outgrowth (Wojciak-Stothard et al, 1997).

A variant form of the Fn strands (known as Fn-cables) can be prepared from an
enriched Fn preparation containing Fg. These Fn-cables are pulled out and precipitated
into strands by a similar method though involving treatment with low pH solution.
(Sarah Underwood, PhD Thesis, UCLMS; Underwood et al. submitted) (Figure
1.14.). These cables are easy to produce and can be made to a larger scale than that
allowed by Fn-strands. The diameter of these fibres can also be altered from 100-
200um thereby allowing cells to adhere onto the surface which can then be used as
transplant of cells if required. Here it is proposed that Fg is less adhesive than Fn and
therefore a small concentration of Fg may block some of the highly adhesive sites on
the Fn molecule thus causing increased cell migration. This will be beneficial in that
peripheral nerve regeneration would occur quicker thus reducing the effects of donor
site morbidity (a significant complication in nerve repair). Additionally, Fn-cables are
larger in diameter (200-250um) and therefore allow a greater number of aligned cells
to populate its surface which can then be transplanted to a nerve defect on a suitable
backing material. Human dermal fibroblasts cultured over the surface of such cables
were shown to align along the long axis with propagation of cell alignment up to 500

uM away from the original cable (Harding et al., in prep).

Z. Ahmed. PhD Thesis 1998. 47



In further experiments we postulated that treatment of Fn-strands and cables with
copper ions cause an increase in cell migration speed. The basis for this experiment
arose from Fn-mat and LFn-cable modification experiments where copper ions caused
cross linking of Fn-fibres leading to increased stability of these materials. We
hypothesised that if copper causes cross-linking between Fn-molecules then some of
the highly adhesive sites on the Fn-molecule may be blocked-off, as we have done with
Fg, such that cells will migrate faster on these Fn-strands/cables while material
stabilisation was also accomplished. We used Fn-strands composed of gelatine-
Sepharose purified Fn and Fn-cables composed of 75% Fn and 25% Fg, as two test

systems for this hypothesis.

1.11. Superfibronectin

Chernousov et al., 1991 and Mosher et al., 1992 have shown that the first type-III
repeat in Fn is known to play a key role Fn matrix assembly and Fn-Fn binding. Morla
et al., 1994 produced a recombinant fragment of the type III domain (III;-C), which
was modelled after the C-terminal two-thirds of the III, repeat. Treatment of the type
III,-C fragment with purified Fn in solution resulted in the appearance of multimers of
Fn with high relative molecular masses. Morla et al., 1994 further showed that the
multimers were only held together by disulphide bonds which are similar to the Fn in
the matrix in vivo (Hynes and Destree, 1977; Keski-Oja et al., 1977; Ali and Hynes,
1978). Although cell adhesion is vastly enhanced when purified Fn is treated with this
fragment (hence the name superfibronectin), cell migration however, is suppressed
(Morla et al., 1994). This led to the work of Pasqualini et al., 1996 who preincubated

human tumorigenic cells (human osteosarcoma, melanoma and carcinoma) with
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superfibronectin (sFn) and injected them subcutaneously to look at tumour formation
in a nude mouse model. The study showed that the cells were viable but treatment
with sFn prevented tumour formation by blocking cell spreading and migration in vivo.
In our Fn-mat system however, the preferred aim is not to suppress cell spreading and
migration but to promote these in order to ensure a quick reconnection of damaged

axons to prevent target organ atrophy.

1.12. Other ways of enhancing peripheral nerve regeneration

Nerve regeneration can be enhanced by electric fields. Electromagnetic fields have
been used to induce electric currents. These time-varying currents have been reported
to significantly enhance sciatic nerve regeneration in rats (Rusoven and Kanje, 1991,
Rusoven and Kanje, 1992). A second method of generating an altered electrical
environment is to allow regeneration through tubes made from polymer electret or
piezoelectric tubes. These implanted tubes produce a time-varying electric field in
response to mechanical deformation. This technique increased the number of
regenerating myelinated axons (Aebischer et al, 1987; Fine et al, 1991; Pollock, 1995).
Finally, galvanic currents have been used to create constant and relatively uniform
fields about injured nerves. Using this technique, an increased rate of functional
recovery after delayed treatment of sciatic lesions has been reported (Beveridge and
Politis, 1988). Other important reported features of growth cones and Schwann cells
in nerve regeneration include: antibodies to CD9, a cell surface glycoprotein involved
in intercellular signalling and found to be expressed by neurons and glial cells of the
PNS promotes adhesion and induces Schwann cell proliferation and migration in vitro

(Hadjiargyrou and Patterson, 1995; Anton et al, 1995); overexpression of GAP-43
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induces nerve sprouting and acts as an intrinsic potentiator of neurite outgrowth

(Algner et al, 1995).

1.13. Neurotrophins in nerve regeneration

Fn-mats are inherently hygroscopic and have been used to deliver neurotrophins (NGF
and NT-3) to the site of the lesion in rats. These neurotrophins have been shown to be
released over a period of 7 days in a bioactive form. Continuous delivery of
neurotrophic growth factors to a local site may provide a better quality of regenerate.
Neurotrophins are a family of structurally and functionally related growth factors that
exert a major influence on the survival and development of sensory and sympathetic
neurons. These factors are mainly produced by glial cells and cells in the target organ
and influence the survival and gene expression of various nerve cells. Cells which
produce these factors include fibroblasts and muscle cells (Brewester et al., 1994,
Lindsay et al., 1994; Maness et al., 1994; Bandtlow et al., 1987; Ernfors et al., 1990).
Members of this family include nerve growth factor (NGF) (Levi-Montalcini, 1987),
neurotrophin-3 (NT-3) (Hohn et al., 1990; Maisonpierre et al., 1990; Rosenthal et al.,
1990; Ernfors et al., 1990), brain-derived neurotrophic factor (BDNF) (Leibrock et al.,
1991; Hallbrook et al., 1991; Ip et al.,, 1992) and neurotrophin-4/5 (NT4/5) (Lewin

and Barde, 1996); Lindsay, 1996; Berkemeier et al., 1991).

Nerve growth factor (NGF), the most extensively characterised neurotrophic factor, is
necessary for normal function of many dorsal root ganglia sensory neurons and
sympathetic neurons, supports neurones in vitro, prevents developmental neuronal

death in vivo, stimulates direct neurite outgrowth and influence neuronal phenotype
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(Levi-Montalcini, 1987; Liu et al., 1995; Lindsay and Harmer, 1989). NGF is
characterised as a protein composed of two identical 118-amino acid chains (Angelitti
and Bradshaw, 1971). The gene that encodes NGF was cloned and sequenced in 1983
(Scott et al., 1983; Ulrich et al., 1983). NGF is synthesised in the targets of NGF-
dependent sensory and sympathetic neurons in proportion to their final innervation
density (Davies, 1994; Davies and Wright, 1995 ). Exogenous NGF has been shown to
rescue neurones (Rich et al., 1987). It also protects adult sensory neurones from cell
death and atrophy following nerve damage (Rich et al, 1987). The levels of NGF
protein and mRNA are increased in the injured peripheral nerve (Richardson and
Ebendal, 1982; Heuman et al, 1987) which supports its involvement in nerve
regeneration (Raivich and Kreutzberg, 1993). In certain classes of fibre in primary
afferent and sympathetic nerves, regeneration is stimulated by NGF (Aloe et al., 1985;
Heumann et al., 1997; Lindsay et al., 1988). Interestingly, NGF injected into a silicone
chamber has been shown to enhance motoneuron regeneration (Chongliang et al.,
1992). Administration of NGF either locally in a silicone chamber (Derby et al., 1993)
or systemically (Diemel et al., 1994; Fernyhough et al., 1995) has been shown to

improve axonal regeneration in normal animals.

The expression of NGF gene is thought to be controlled by microtubule networks
(Baudet et al, 1995). This was shown by adding microtuble disrupting drugs such as
colchicine, nocadazole and vinblastine, which caused an increase in NGF mRNA and
cell secreted NGF proteins in mouse fibroblasts and primary astrocytes in vitro
(Baudet et al, 1995). Recent studies have shown that when nerve grafts are pre-

degenerated for as little as 1 day, nerve regeneration is improved. The regenerating
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axons enter the nerve graft more rapidly by decreasing the initial delay in regeneration
(Danielson et al, 1994). This may be attributed to NGF which reaches a maximum
24hrs after nerve injury and remains elevated for 14 days (Heumann et al, 1987). The
initial elevation of NGF is due to the transportation of retrogradely accumulated NGF
from the periphery, whereas later on, NGF is synthesised by non-neuronal cells eg.
keratinocytes (Pincelli et al., 1994), Schwann cells and fibroblasts (Heumann et al.,
1997; Brown et al., 1991; Ide, 1996; Barde, 1989; Taniuchi et al., 1988; Raivich et al.,
1991), in the distal nerve segment. Thus newly cut axons, entering a pre-degenerated

graft, face an environment already enriched with NGF.

Receptor studies have revealed that NGF acts on functionally distinct populations of
adult sensory neurons (McMahon et al., 1994). Cellular responses to neurotrophins are
mediated by two functionally interacting classes of receptors. The first neurotrophin
receptor to be biochemically characterised and cloned is a 75-kDa protein called p75
(Grob et al., 1985; Chao et al., 1986; Johnson et al., 1986; Marano et al., 1987,
Radeke et al., 1987). Several structurally related receptors have been identified
including two tumour necrosis factors (TNFR-I and TNFR-II), Fas, and CD40
(Bothwell, 1996). Although p75 was initially described as an NGF receptor, it binds all
of the neurotrophins (Rodriguez-Tebar et al., 1990; Dechant et al., 1994).
Subsequently a further distinct class of neurotrophin receptors were identified (Kaplan
et al., 1991). TrkA is primarily the receptor for NGF, trkB is a primary receptor for
BDNF and NT/4-5 and trkC, primarily a receptor for NT-3. The trk receptors are
capable of mediating many important functional responses without participation of p75

(Barbacid, 1995).
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Trk receptors are so named because they are tyrosine receptor kinases. Their signal
transduction resembles those of other tyrosine receptor kinases. Neurotrophin binding
to receptors induces receptor dimerization, which leads to receptor
autophosphorylation by an intrinsic tyrosine-specific kinase activity. Phosphorylation
of tyrosyl residues within SH2 domains leads to association with the receptor of
specific cytoplasmic signalling proteins, including SHC, PI3-kinase, and phospholipase

C (Kaplan and Stevens, 1994).

1.14. Contact guidance

Contact guidance is the phenomena by which the physical shape of the substratum
induces alignment or directional growth of cells. Contact guidance of cells by physical
contours was recognised in the infancy of tissue culture (Harrison, 1914) and at later
~ stages where cells aligned to topographical features of their substrata (Weiss, 1945;
Curtis and Varde, 1964). Although little is known about the cellular events of contact
sensing and their transduction into directional growth, many examples of this process
do exist. These include fibroblasts (Elsdale and Bard, 1972) and neurones (Ebendal,
1976; Rajnicek et al., 1997; Rajnicek and McCaig, 1997) guided by parallel arrays of
aligned collagen fibrils or on grooves manufactured in artificial substrata (Hirono et

al., 1988; Clark et al., 1990; Oakley and Brunette, 1993).

Cells exhibiting contact guidance, align parallel to the groove/ridge axis and move in a
‘bi-directional’ way having maximum probability of migrating in opposite directions.
These preferred directions are associated with chemical, structural and/or mechanical

anisotropies of the substratufn (Dunn, 1982). Contact guidance is thought to be
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important in morphogenetic mechanisms, where traction forces exerted by cells may
create the fibre orientation that serves to guide their migration (Stopak and Harris,
1982). During wound healing, retraction of the fibrin clot by platelets and contraction
of the wound site by fibroblasts could cause radial orientation of the extracellular
matrix fibres and thereby guide cells to the wound (Lackie, 1986). Contact guidance is
also important in the growth of cells in normal embryonic pattern formation

(Newgreen, 1989).

Early experiments using smooth glass fibres as topographical cues, indicated that fibre
diameters of less than 100 pm were necessary to orientate cells parallel with the fibre
axis (Dunn and Heath, 1976). Recent experiments have shown that topographical cues
on microgrooved or patterned substrata such as silicone (den Braber et al., 1995;
Green et al., 1994), titanium (Chehroudi et al., 1991) and silica (Clark et al., 1991;
Wojciak-Stothard et al.,, 1995) having groove dimensions between 2-30 um were
sufficient to cause cellular alignment of eg. epithelial cells, fibroblasts and neurites.
Further, neurons extended fourfold faster as a result of grooved rather than smooth

substrata (Curtis et al., 1995).

1.15. Cell adhesion and migration

Cell adhesion i.e. attachment to the ECM proteins, such as Fn, collagen and laminin,
play a crucial role in cellular morphology by anchoring cells and providing signals that
direct cellular proliferation and differentiation (Ruoslahti and Pierschbacher, 1987;
reviewed by Hynes, 1992). Numerous physiological and pathological processes rely on

cell adhesion, including development and differentiation, tumor growth and metastasis,
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leukocyte homing and activation, hemostasis, wound healing and cellular responses to
mechanical stress (Shattil et al., 1994; DeSimone, 1994; Schwartz and Ingber, 1994;
Juliano and Varner, 1993). Cell-ECM attachment is mediated mainly v1a integrins, a
widely expressed family of divalent cation-dependent transmembrane glycoprotein cell
surface receptors (Hynes, 1987; Hynes, 1992; Ruoslahti and Pierschbacher, 1987
Yamada, 1989; Albelda and Buck, 1990; Hemler, 1990). Integrins exist on the cell
surface as heterodimers of noncovalently associated o and B subunits (Figure 1.15.).
In many instances, the binding between receptor and ligand occurs through an
arginine-glycine-aspartic acid (RGD) recognition sequence, which is present in many
proteins, including fibronectin, vitronectin and fibrinogen (Ruoslahti and

Pierschbacher, 1987).

Cell migration is critical during embryonic development, wound healing and many
pathological processes (Humphries et al., 1991). In embryogenesis, cellular migration
is important in morphogenetic processes ranging from gastrulation to development of
the nervous system (reviewed by Lauffenburger and Horwitz, 1996). Migration
remains an inherent capacity in the adult organism, in normal physiology as well as
pathology (reviewed by Lauffenburger and Horwitz, 1996). Cell migration is also
crucial to technological applications such as tissue engineering, playing an essential
role in colonisation of biomaterial scaffoldings (reviewed by Lauffenburger and

Horwitz, 1996).
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Cell-ECM attachment during migration in many cells is mediated by specific reversible
interactions between integrins. Cell migration as well as morphology may depend on
transient cell-substratum attachments (Stein and Bronner, 1989). Weakly adhesive
surfaces cell-substratum interactions cannot provide traction for the cell to move and
the cells spread poorly. Highly adhesive surfaces cause the cell to spread well but
become immobilised so regular dynamic disruption of the cell-substratum attachment
becomes difficult hindering cells migration. However, an intermediate cell to
substratum adhesiveness allows cells to spread moderately while allowing maximum
migration potential (Figure 1.16). Mathematical models have been developed to
predict that maximum cell migration occurs at an intermediate ratio of cell-substratum
adhesiveness to intracellular contractile mechanisms (Figure 1.17.), at which the cell is
able to form new attachments at the front while being able to break attachments at the

rear (DiMilla et a., 1991; DiMilla et al., 1993).

1.16. The Biology of Copper

Fn-mats when implanted into a 1 cm gap in the rat sciatic nerve model were shown to
be degraded over a 15 days while there was a thin regenerate formed between the gap.
Electron microscopy revealed macrophage infiltration and subsequent degradation of
the mat as a natural process in nerves. Furthermore, Fn used to make Fn-mats was
derived from human plasma Fn which may add to the inflammatory process by
presenting mats as foreign material to the immune system of rats. All these factors
contribute to the rapid degradation of the mat. The hypothesis here is that micromolar
concentrations of copper will stabilise Fn-mats for longer survival in vivo and

therefore support outgrowth of a greater volume of regenerating axons leading to an
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Figure 1.16. Schematic of the relationship between surface concentration of ECM
protein, strength of cell-substratum attachment, and cell speed. (a) The strength of
cell-substratum attachment, measured as the critical force necessary for detachment,
increases linearly with surface concentration of ECM protein. The slope of the line is
predicted to increase (within limits) with increasing adhesion-receptor/ECM protein
affinity or receptor number. (b) An optimal surface concentration of ECM protein
exists for cell movement speed. The specific surface concentration of ECM protein
for maximum speed is predicted to increase with decreasing receptor number and
adhesion-receptor/ECM protein affinity. The range of surface concentration of ECM
protein allowing movement is predicted to depend on the magnitude of the asymmetry
in the cell-substratum interaction between front and rear of the cell. (c) An optimal
strength of cell-substratum attachment exists for cell movement speed. The strength of
attachment for maximum speed is predicted to increase with decreasing receptor
number. Both increasing cell-surface asymmetry and receptor number increase the
range of attachment strength allowing significant movement. Taken from DiMilla et
al., 1993.
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improved quality of regenerate than plain mats currently allow. In addition to material
stabilisation, it is possible that local delivery of Cu®** would assist some aspects of
tissue repair as it is an essential component of the enzymes lysosome oxidases and
superoxide dismutase (Sorenson, 1987) and in ascorbate transport into the cell
(Sorenson, 1987). These are central to collagen production and inflaimmatory
mediation. In attempting to stabilise Fn-mats with copper, it is important to maintain
the fibrillar nature of the mats as contact guidance of cells on this material is a key
feature of this conduit but also cell binding sites to the Fn-substrata must not be

completely blocked as this would hinder cell attachment and subsequent migration.

The biological significance of copper has only recently been realised (Kies, 1987;
Kutsky, 1987). Copper has been recognised as an essential metalloelement like
sodium, potassium and iron (Sorenson, 1987) . Copper ions are actively involved in the
biological oxidation of organic substrates by molecular O, (Sorenson, 1987). Copper
dependant enzymes include: Cytochrome ¢ Oxidase, Superoxide Dismutase (SOD),
Tyrosinase, Lysyl Oxidase and Amine Oxidase (Sorenson, 1987). Copper has also
been recognised as an essential metalloelement in many proteins and enzymes

exhibiting diverse functions (Ochiai, 1993).

The adult body contains between 1.4 and 2.1 mg of copper per kilogram of body
weight. All tissues of the body need copper for normal metabolism and levels of
copper vary depending on metabolic activity. The highest levels of copper are in the
liver, brain and heart (680, 370 and 350 pg/g of tissue, respectively) (Sorenson, 1987).

In normal individuals, copper homeostasis is controlled by the balance between
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intestinal absorption of dietary copper and hepatic secretion of excess copper in bile
(Cuthbert, 1995). In Wilson’s disease (Cuthbert, 1995), hepatic copper is neither
secreted in bile nor incorporated into ceruloplasmin and copper accumulates to toxic
levels. Ceruloplasmin is thought to be the principal copper-containing component of
blood, estimated in humans to be 90-95% of the total copper in serum (Sorenson,
1987). It is thought that copper attached to ceruloplasmin is in transit, destined for

uptake by cells and incorporation into cellular enzymes.

Levels of copper are thought to decrease in healing wounds. A study in burn patients
showed that copper levels increased significantly only in urine samples and was
reduced in the burn tissue (Selmanpakoglu, 1994). Lysyl oxidase which catalyses the
formation of aldehyde cross-links, and acts primarily on collagen and elastin, is known
to be increased during wound healing and fibrotic disorders (Kobyashi et al., 1994). In
this study lysyl oxide was localised intracellularly and extracellularly in skin. Lysyl
oxide was also immunolocalized along collagen and elastic fibres (Kobyashi et al.,
1994). In severe burn trauma patients, the response of ceruloplasmin as an acute-phase
reactive protein was absent. The reduction of ceruloplasmin was correlated with burn
severity (Cunningham et al., 1993). Supplying copper in protein bound form locally to
a wound site would give a slow but continued release of copper to the surrounding

arca.

1.17. The biology of zinc
Again, the hypothesis here was that zinc may be used similarly to copper ions inorder

to stabilise Fn-mats and prevent rapid degradation. The incorporation of zinc into Fn-
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mats would prove to be an added benefit since zinc is present in filamentous structures
in connective tissues as a component of all MMP’s (Williams, 1989). Zinc is the most
common heavy metal ion in the cytoplasm of cells and has many diverse functions. It is
present in all organs, tissues, fluids and secretions of the body with the highest
estimated concentrations being present in bone (100 pg/g wet wt) and hair (150 pg/g
wet wt) (reviewed by Jackson, 1989). Zinc dependent proteins include insulin, S-100,
carbonic anhydrase, SOD, carboxypeptidase, alcohol dehydrogenase, metallothionein

and c-Factor IIIA (reviewed by Williams, 1989).

A deficiency in zinc has been shown to cause decreased sciatic nerve conduction
velocity in chicks and guinea pigs while guinea pigs developed hypersensitivity to
touch and pain during movement (O’Dell, 1993). Peripheral neuropathy was readily
reversed by zinc replacement therapy (O’Dell, 1993). Furthermore, overexpresssing
the Cu/Zn superoxide dismutase was shown to enhance the survival of transplanted
dopamine neurones in a rat model of Parkinson’s disease (Nakao et al., 1995)
suggesting that a combination of copper and zinc within Fn-mats may be a beneficial

strategy in such cases.

1.18. Chemical modification of proteins

Cross-linking of proteins by imidoesters has been used extensively to study subunit
structures of polymeric proteins and derivation of proximity relationships in more
complex assemblies such as ribosomes and membranes. These chemicals such as
dimethylsuberimidate, either cause intramolecular (David and Stark, 1970) or

intermolecular (Bickle et al., 1972; Clegg and Hayes, 1974) cross-linking. Methtyl 4-
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mercaptobutyrimidate has also been used as a reversible cross-linking agent of proteins
where disulfide-cross links form between protein molecules (Traunt et al., 1973).
Gluteraldehyde has long been used as a cross-linking agent, especially in fixation of
samples for electron microscopy. Reactions of gluteraldehyde with proteins have been
shown to involve lysinyl (and hydroxlysinyl) residues (Korn et al., 1972) while protein
structure is perturbed in a minor way (Reeke et a., 1967, Quiocho and Richards,
1964). Formaldehyde has also been used to form cross-links in proteins and shown to
cross-link asparagine and serine residues of neighbouring molecules (Myers and
Hardman, 1971). It is envisaged that copper being a divalent cation will react with
negative residues with the Fn-molecule causing cross-links to form thus leading to

material stabilisation.
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1.19. AIMS OF THE STUDY

Currently there are 4-5000 people a year in the UK who require nerve grafts to repair
peripheral nerve lesions. Surgical operative results are frequently very poor. Peripheral
nerve injury (eg. hands, shoulder, and face) often leaves gaps between the cut nerve
ends which are too long to repair using sutures. Where the stumps can be joined by a
graft or a tube, some regrowth and regeneration will occur, though the rate of
regeneration is too slow to be clinically useful. Currently, nerve autografts are the
most effective conduit materials to date but lead to loss of donor site function. Longer
gaps (>15 mm) present even more of a problem since regeneration is slower with

worse results.

The aims of the current study are to:

1. Increase the life of Fn-mats (currently 15 days in vivo) without disrupting fibrillar
arrangement by chemical modification using copper ions. This will allow Fn-mats to
support greater numbers of axons thus improving the quality of the regenerate.

2. Assess the effectiveness of Fn-mats supplemented with NGF in a monkey nerve
model. So far, Fn-mats have only been tested in rats and it is thought that monkeys are
closely related to humans which will reduce the inflaimmatory response and may
provide different results to that seen with rats. This will be used as a basis for clinical
trials.

3. To construct new forms of Fn-materials capable of being used for the repair of long
peripheral nerve lesions. These will provide guidance and support cues for

regenerating components of peripheral nerves.
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4. To study individual strands of Fn with peripheral nerve cells in vitro in order to
understand the mechanism of contact guided repair of peripheral nerves using Fn-mats
in vivo.

5. To increase the migration of nerve cells on Fn-materials with a view to speeding up
the repair process to minimise target organ atrophy and dysfunction (the ultimate aim
of any peripheral nerve conduit material).

6. To develop an in vitro method for delivering grafted Schwann cells (and perineurial

fibroblasts) pre-aligned within Fn-materials to augment the repair of peripheral nerves.
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CHAPTER 2.0. MATERIALS AND METHODS

2.1. General Methods

2.1.1. Preparation of fibronectin mats

Fibronectin was purified from the crude, plasma fractionation product, glycine saline
supernatant (Bio-Products Limited, Elstree, Middlesex), by gelatin-Sepharose (Sigma,
Poole, Dorset, England) affinity chromatography. The adsorbed Fn was washed with
three bed volumes of 0.05M Tris-buffer containing 0.5M NaCl, pH 7.6 and eluted with
4M Urea buffer containing 0.05M Tris-HCl and 0.5M NaCl. The concentfation of
protein was determined by measuring the absorbance at OD,s and then supplemented
into the equation below (1) to determine protein concentration per mL:

Protein concentration in = Eicm (230nm) / € Where &= extinction coefficient of (1)
mg/mL fibronectin (¢ Fn =1.2)

Orientated mats of fibronectin were produced by self-association of and continuous
aggregation of plasma fibronectin, concentrated from a solution under continuous
unidirectional stirring. The mats were produced according to the method of Ejim et al,
(1993). A 200mL fibronectin solution (0.9-1 mg/mL) with 4M urea, 0.05M Tris-HCI
and 0.5M NaCl, pH 7.6, was diluted with an equal volume of buffer containing 0.05M
Tris-HC], 0.1M NaCl, pH 7.6 (final concentration of 2M urea). This was introduced
into an ultrafiltration-stirred cell (Amicon, Stonehouse, UK) fitted with a 75 mm
Diaflo, PM10 (10,000 molecular weight cut-off) ultrafiltration membrane (Amicon) at
4°C. The solution was stirred at around 300 revolutions per minute in a cell pressurised
using compressed N to 0.2 Pa. The liquid was never allowed to foam and the stirring
speed was lowered to 100 revolutions per minute as the volume reduced. A fibronectin

mat formed on the shaft of the rotor during the final stages of concentration; this was
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removed, rinsed in a large volume of distilled water and freeze dried overnight, still
attached to the stirrer. Once prepared the mats were stable when stored under vacuum
desiccation. Before use the mats were sterilised by gamma irradiation (2 megaRads for

24 hours) (Courtesy of Dr. Giorgio Terenghi, Blond Mclndoe Research Centre,

QVH).

2.1.2. Preparation of Ultrathin Fibronectin Fibres

Ultrathin fibronectin fibres (0.2-10 um) were made by using the method of Ejim et al,
1993. Plasma fibronectin was purified by affinity-chromatography from a crude blood
fraction obtained (BPL, Elstree, Middlesex, England) as described above in Chapter
2.1.1. A thin glass rod (BDH, Dorset, England) was dipped into a concentrated
solution of fibronectin (5 mg/mL) and individual fibres were pulled out and attached to
alcohol washed round coverslips (BDH), which were coated with poly-L-lysine. The
attached fibres were air dried for 24 hours before gamma irradiation as described in

Chapter 2.1.1.

2.1.3. Polyethylene Glycol Precipitation of Fibrinogen/Fibronectin

Polyethylene glycol (PEG) can be used to fractionally purify fibrinogen (Fg) from
fibronectin (Fn). Initially PEG is added to precipitate a large proportion of Fg from
solution. The concentration of PEG is then increased to bring the remaining Fg and Fn
out of solution. 1 g of a cryoprecipitate of Fn/Fg (Scottish National Blood Transfusion
Service (SNBTS), Protein Fractionation Centre (PFC), Edinburgh, Scotland) was
dissolved in 6 mL of PBS (Oxoid) before adding 4% v/v PEG to remove Fg, stirred

and left for 1 hour at room temperature. The resulting suspension was centrifuged at
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4500 rpm at 4°C in a rotor centrifuge for 15 minutes. The Fg precipitate was discarded
leaving the supernatant behind. The concentration of PEG was raised to 10% v/v and
added to the supernatant, stirred and left for 1 hour at room temperature before being
centrifuged as described above. The remaining precipitate contains the Fn/Fg which is
then redissolved as required and assayed for content of Fg using the method described

below.

2.1.4. Assay for fibrinogen

The assay measures the amount of Fg present by measuring the turbidity of the
solution when Fg is heated to 56°C in the presence of tri-sodium citrate. It can be
described as a heat denaturation assay. Fg standards were made up from commercially
available fibrin glue kit (SNBTS, PFC, Scotland). Each sample of Fg was diluted in
PBS (Oxoid) to give concentrations between 0-1 mg/mL. To a 96 well plate (Falcon
City) 125 pL of the test sample and 125 pL of the assay buffer (20mM Tris and 40mM
Tri-sodium citrate dihydrate, pH 7.5) were added. The plate was heated for 15 minutes
at 56°C with the plate covered to prevent evaporation. The plate was then allowed to
cool and the turbidity of the resulting solution measured at 410 nm on a plate reader
(Dynatec Labs, Billinghurst, UK). A calibration curve was constructed and from this

the concentration of fibrinogen in a test sample was calculated.

2.1.5. Two-antibody non-competitive fibronectin ELISA
200 pL of different concentrations of fibronectin diluted in 0.01M PBS (Oxoid)
(ranging from 10 pg/mL double diluting to 0.1 ng/mL) were added to a 96 well ELISA

plate (Falcon) and left to incubate overnight at 4°C. The plate was wrapped with foil to
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prevent evaporation. The incubation step was terminated with the addition of 150 pL
of 0.01M PBS, pH 7.4 with 0.02% Tween 20 for 10 minutes at room temperature
followed by rinsing the plate twice with distilled water. The remaining binding sites
were blocked with 100 pL of blocking buffer containing 150 mM NaCl, 100 mM Tris,
pH 7.6 and 1% (w/v) bovine serum albumin (BSA) and incubated for 30 minutes at
room temperature. The plates were washed with 150 pL of 0.01M PBS, pH 7.4
containing 0.02% Tween 20 followed by rinsing twice with distilled water. 100 uL. of
the primary antibody rabbit anti-human fibronectin (Sigma, Poole, Dorset, England)
diluted 1:10,000 with 0.01M PBS, pH 7.4 and 1% w/v BSA (Sigma) was added to the
plate and incubated for 1 hour at room temperature before terminating the reaction and
washing the plate as described above. This was followed by addition of the secondary
antibody, goat anti-rabbit IgG alkaline-phosphatase, diluted 1:8000 with 0.01M PBS
and 1% w/v BSA and allowed to incubate for 1 hour at room temperature. Repeat
terminations and washings were performed as described earlier followed by addition of
100 pL of enzyme substrate disodium paranitrophenyl phosphate (pNpp) in
diethanolamine (DEAE) buffer (2 mg/mL pNpp, 10% DEAE, pH 9.8 and 0.5 mM
MgCl) and incubated for 1 hour at room temperature in the dark. The intensity of the
resultant colour was then measured at wavelength 490 nm using an ELISA plate

reader.

2.1.6. Preparation of Fn-strands
Fn-cables (100-200 pm in diameter) were made from a cryoprecipitate obtained from
SNBTS, PFC, Scotland by the method developed by Underwood et al., submitted, in

these lab. The cryoprecipitate contains 25-34 % Fg mixed in with Fn. 1 g of the
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cryoprecipitate was cut into small pieces to aid dissolution and dissolved in 3 mL of
6M Urea (BDH) to give an approximate final concentration of protein of 20 mg/mL.
The concentrated solution of Fn/Fg was diluted in 6M Urea to give a final protein
concentration of 5 mg/mL. Fn-cables were pulled out from a solution with a 3:1 ratio
of Fn/Fg : 0.25M HCI and 2% calcium chloride, pH 0.9. The cables were pulled and
adhered to round glass coverslips (Merck, Dorset, England) and left to air dry
overnight. All cables were gamma irradiated before use in culture or protein

dissolution experiments as described in Chapter 2.1.1.

2.1.7. Preparation of large Fn-cables (LFn-cables)

1 g of cryoprecipitate obtained from SNBTS was dissolved in 3 mL of 6M Urea
(BDH) as described earlier. More cryoprecipitate was added as required and
concentrated by introducing the solution into an ultrafiltration-stirred cell (Amicon,
Stonehouse, UK) fitted with a 75 mm Diaflo, PM10 (10,000 molecular weight cut-off)
ultrafiltration membrane (Amicon) at 4°C. The solution was stirred at around 50
revolutions per minute in a cell pressurised using compressed N, to 0.2 Pa. The final
desired concentration of protein required to make LFn-cables was >70 mg/mL as

determined by Underwood et al., submitted.

Large Fn-cables (LFn-cables) were made by a modified method of Underwood et al.,
submitted. A 1 mL syringe was used to pick up the concentrated solution of Fn/Fg
(approx. 78 mg/mL) in Urea and squeezed into small beaker containing a solution of
0.25M hydrochloric acid and 2% calcium chloride, pH 0.9. Fn/Fg-fibres precipitated

immediately and these were scooped together to form large Fn-cables. The cables were
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washed for a total of 1 hour in two changes of PBS followed by rinsing in a large
volume of distilled water (200 mL) to remove acidity and then freeze dried on Teflon
discs. LFn-cables were gamma irradiated as described above in Chapter 2.1.1., before

use in culture.

2.1.8. Fibroblast cultures

Human dermal fibroblasts were obtained from explants grown from skin taken directly
from the operating theatre (Burt and McGrouther, 1992). Cubes of tissue (2-4 mm)
were plated into 25 cm’ culture flasks (Bibby-Sterelin), with 5 mL of Dulbecco’s
Modified Eagles Medium (DMEM) (Gibco, Paisley, U.K.), supplemented with 10%
foetal calf serum (FCS) and streptomycin/penicillin (Gibco) and gassed with 5% CO,
prior to incubation at 37°C.

Rat Achilles tendon, rat tail and skin fibroblasts were also cultured in a similar way.

2.1.9. Schwann cell culture

Rat Schwann cells were prepared from a modified method of Brockes et al., (1979).
The sciatic and the brachial plexus nerves from 3 day rat pups (Sprague-Dawley, UCL
Biological Services) were dissected out under sterile conditions and placed in DMEM-
HEPES buffer (Gibco). The epineurial sheath was manually removed using a dissecting
microscope (Zeiss) and the nerves were then cut into 2 mm segments and digested
with 0.25% trypsin (Sigma) and 0.4% collagenase (Sigma) dissolved in DMEM-
HEPES (Gibco) for 35 minutes at 37°C and 5% CO,. The enzyme reaction was then
stopped by adding an equal volume of DMEM-HEPES containing 10% FCS (Gibco)

and gently triturated three times through 19 and 23G needles, respectively. Cells were
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centrifuged for 10 minutes at 1000 rpm and the cell pellet resuspended in DMEM
(Gibco) containing 10% FCS and Penicillin/Streptomycin (Gibco). Cells from 1 rat
were plated onto a 35mm petri-dish coated with 1 mg/mL poly-L-lysine (Sigma)
dissolved in PBS and laminin (Sigma) dissolved in DMEM (Gibco-BRL). After cells
had adhered to the bottom of the dish, Ara-C (Sigma), which is a metabolic poison to
stop proliferation of contaminating fibroblasts, was added at a final concentration of
10° M dissolved in DMSO (Sigma). Ara-C was removed by washing with PBS after 3
days and replaced with DMEM containing 10 % FCS, Penicillin/Streptomycin, L-
Glutamine, 50 pg/mL bovine pituitary extracts dissolved in PBS (Sigma) and 5 pM
forskolin (Novabiochem-Calbiochem, Nottingham, U.K.). Cells were incubated at
37°C and 5% CO, until confluent. Contaminating fibroblasts were removed by
treatment with monoclonal mouse anti-rat Thy 1.1 (Diluted 1:100 in PBS/BSA)
(Harlan Sera-Lab, Sussex, UK) followed by incubation with low toxicity rabbit
complement (Sigma) for 10 minutes at 37°C and 5% CO., to allow antibody-
complement mediated cell lysis. The reaction was stopped by adding an equal volume
of DMEM and centrifuged at 1000 rpms for 3 minutes. The cell pellet was then
resuspended in DMEM containing 10% FCS and Penicillin/streptomycin. Some cells
were plated onto sterile round coverslips for 24 hours to assess the purity of Schwann
cells. Purity was assessed by immunofluroescence using monoclonal mouse anti-S-100
(Sigma) (protein on surface of Schwann cells) diluted 1:100 in PBS for 45 minutes at
37°C followed by incubation with FITC-labelled anti mouse IgG diluted 1:50 in PBS
for 1 hour at room temperature. Coverslips were washed with PBS and counterstained
with 1% propidium iodide. Coverslips were then washed, mounted using Citifluor

(UKC, Canterbury, England) and viewed under a fluorescence microscope. The
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number of stained nuclei compared to the number of S-100 positive cells was
calculated. Cultures of Schwann cells used for all experiments was estimated at 98%

by this method.

2.2. SPECIFIC METHODS

2.2.1. Stabilisation of Fibronectin Mats with Micromolar Concentrations of

Q
=

er
2.2.1.1. Preparation and impregnation of copper into fibronectin mats

Fibronectin mats were prepared using the method of Ejim et al., 1993 as described in
Chapter 2.1.1. 1, 10, 100 and 200 uM concentrations of copper II sulphate solutions
were either in distilled water or PBS and filter sterilised using a 0.2 pm Acrodisc
membranes (Sartorius, Gottingen, Germany). Under sterile conditions orientated mats
of similar size, dimensions and weight were aseptically cut into small pieces and
impregnated with copper in 10 mL of CuSO, solution for 10 minutes at room
temperature with continuous agitation. The copper impregnated mats (CuFn-mats)
were then rinsed in distilled water with three changes of 5 minutes each. CuFn-mats
were then placed in 5 mL of sterile distilled water or PBS and left at either room
temperature or at 37°C. The dissolution of protein was assessed by either taking out
aliquots from each sample and measuring the absorbance at 280nm using a Phillips
model spectrophotometer, making sure to replace the volume removed with the same
solution, or by taking out 10 pL from each and performing a protein assay using the
Bio-Rad BRADFORD chromogenic protein assay kit (Bio-Rad, UK) (Bradford,

1976). After 8 (at 37°C) or 15 days (at room temp.) the remaining mat was digested
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with 800 pg/mL of trypsin (Sigma) and total protein concentration was measured. It

was noted that mats treated with copper took 2-4 times longer.

The same methods were used to impregnate zinc and equimolar copper and zinc into

Fn-mats and subsequent dissolution of protein was measured in the same way.

2.2.1.2. Copper assay

Dried Fn-mats were treated in a single concentration (1.56 mM) of reagents of Cu
including copper (I) chloride, copper (II) acetate monohydrate, copper (II) hydroxide
and copper (II) sulphate for 3 hours at 37°C and washed in PBS. The CuFn-mats were
solubilised using trypsin (Sigma) for 1 hour before assaying for content of copper by

routine atomic absorption spectrophotometry.

Fn-mats were also treated with 1, 10, 100 and 200uM copper sulphate for 10 minutes
at room temperature before being washed in PBS on a mechanical roller and digested
with 800 pg/mL trypsin for 24 hours at room temperature and assayed for copper

content in a similar way as above.

2.2.1.3. Scanning electron microscopy (SEM)

Samples of orientated mats were placed in copper sulphate solution at the above
concentrations for 10 minutes. Control mats were placed in distilled water for the same
period of time. The control and CuFn-mats were freeze dried overnight and sputter
coated with gold in an EM Scope sputter coater (EM Scope Labs, Ashford, Kent,

England,). CuFn-mats were then viewed in a scanning electron microscope at 10kV.
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2.2.1.4. Cell culture on copper stabilised Fn-mats

Rat tendon, skin and tail fibroblasts and Schwann cells were cultured as described in
Chapter 2.1.8 and 2.1.9.

Orientated mats (n=8 in each group) were soaked in copper sulphate solution for 10
minutes as described above in Chapter 2.2.1.1. When placed onto tissue culture plastic
for 1 hour at 37°C, these moistened mats would adhere to the plastic. 50,000 cells of
each population were plated with CuFn-mats in 4 well plates to assess the toxicity of
copper released from the mat. Cells were also plated onto untreated Fn-mats and cells
onto plastic, without Fn-mats to determine the baseline growth response of cells

without copper treatment.

2.2.1.5. Estimation of cell numbers after 3 weeks

After 3 weeks in culture, the remaining mats were removed from the bottom of the
culture wells using sterile forceps and digested using 1 mL of 0.2% collagenase
(Sigma) and 0.25% trypsin (Sigma) in PBS (BDH) and incubated for 20 minutes at
37°C in a humidified chamber. After digestion was complete an equal volume of
DMEM containing 10% FCS was added and the cells were recovered by centrifugation
at 1500 revs/min for 3 minutes. The cell pellets were resuspended in 1 mL. DMEM-

HEPES (Gibco) and counted using a heamocytometer.

Cells attached to tissue culture plastics were removed by addition of 0.25% trypsin

(Sigma) in PBS (BDH) and incubated under continuous shaking for 5 minutes. An

equal volume of DMEM containing 10% FCS was added and cells were recovered
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from a pellet as described above. The number of cells were again counted using a

heamocytometer.

2.2.1.6. Histology

Copper was impregnated into Fn-mats as described above in Chapter 2.1.1.1. and left
in culture for 21 days. Schwann cells were only cultured on 1 pM CuFn-mats. The
mats (n=8) were removed from the bottom of the 4-well plate and mounted into blocks
for frozen sectioning in OCT mounting medium (Tissue Tek, Miles Inc, USA), bearing
in mind the orientation of the mat in relation to the culture vessel. 10 um thick sections
were cut using a cryostat (Brights Instrument), stained with heamotoxylin and eosin,
dehydrated in a series of alcohols and mounted in DPX mountant (BDH), before

examining under light microscopy.

2.2.2. Nerve Growth Factor Delivered Locally Via Fibronectin Mats Enhances

Peripheral Nerve Regeneration in The Non-Human Primate

2.2.2.1. Preparation and impregnation of fibronectin mats with NGF

Orientated mats of fibronectin were produced according to the method of Ejim et al,
(1993), and as described earlier in Chapter 2.1.1.

The method for impregnation of Fn-mats with NGF has been reported earlier
(Whitworth et al, 1995b). Briefly purified NGF-f (Sigma, UK) was reconstituted in a
solution of Dulbecco’s Modified Eagle Medium (DMEM; Gibco) containing FCS,
glutamine, penicillin and streptomycin. Fibronectin mats were impregnated by

incubating the mat in the solution of NGF (3 ng/mL) for 24 h at 37°C. The release
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profile and bioactivity of the NGF has been shown previously (Whitworth et al,

1995a).

2.2.2.2 Surgical Procedure

(All surgical procedures were carried out by Dr. Mikael Wiberg, Cristina Ljungberg;
University of UMEA, Sweden and Dr. Giorgio Terenghi (Blond McIndoe Centre, East
Grinstead, UK).

Fifteen adult male monkeys (Macaca fascicularis) weighing between 3.4-7.0 kg were
used for the experiments. The experiments were approved by the Animal Ethics
Committee of the Swedish University of Agricultural Sciences. The monkeys were
premedicated and anaesthetised with Ketamine hydrochloride intramuscularly (initial
dose 10 mg/kg i.m.) and pentobarbitone (5-15 mg/kg intra-peritonelly); to maintain
anaesthesia ketamine was given i.m. as required. Using an operating microscope the
superficial branch of the radial nerve of one forearm was isolated and transected just
proximal to the wrist. A gap of 4-5 mm between the nerve-ends was in one group of 5
animals replaced with a sural nerve-graft harvested from the lower leg. The nerve graft
was secured by two or four epineurial sutures (9-0, monofilament polyamide; Ethilon)
in each end. In a second group of 5 animals the gap was replaced by a fibronectin mat
which was wrapped around the two nerve-ends, leaving the gap within the formed
fibronectin tube. The tube was secured to the proximal and distal part of the nerve by
one epineurial suture (9-0 Ethilon) in each end. In the third group of 5 animals the gap
was replaced by the use of fibronectin mats, in the same way as the former group, but
in this latter group the fibronectin was impregnated with 3 ng/mL NGF. In all animals

the contralateral side served as the control.
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